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  
6FKHGXOHFRRUGLQDWLRQLVDSURYHQVWUDWHJ\WRLPSURYHWKHFRQQHFWLYLW\DQGVHUYLFHTXDOLW\IRUEXVQHWZRUN
ZKHUHDVFXUUHQWUHVHDUFKPRVWO\RSWLPL]HVVFKHGXOHGHVLJQXVLQJWKHDSULRULNQRZOHGJHRIXVHUV¶URXWLQJV
DQG LJQRUHV WKH EHKDYLRXU UHDFWLRQV WR FRRUGLQDWLRQ VWDWXV 7KLV VWXG\ SURSRVHV D QRYHO EXV VWRFKDVWLF
VFKHGXOHFRRUGLQDWLRQGHVLJQZLWKSDVVHQJHUUHURXWLQJLQFDVHRIWUDQVIHUIDLOXUH7RWKLVHQGZHGHYHORSD
ELOHYHOSURJUDPPLQJPRGHOLQZKLFKWKHVFKHGXOHGHVLJQKHDGZD\VDQGVODFNWLPHVDQGSDVVHQJHUURXWH
FKRLFHDUHGHWHUPLQHGVLPXOWDQHRXVO\YLDWZRWUDYHOVWUDWHJLHVQRQDGDSWLYHDQGDGDSWLYHURXWLQJV,QWKH
VHFRQGVWUDWHJ\WUDQVIHUSDVVHQJHUVZRXOGPRGLI\WKHLUSDWKVLQFDVHRIPLVVHGFRQQHFWLRQ,QWKLVZD\WKH
H[SHFWHGQHWZRUNIORZGLVWULEXWLRQLVGHSHQGHQWRQERWKWKHWUDQVIHUUHOLDELOLW\DQGQHWZRUNVWUXFWXUH7KH
XSSHUOHYHOSUREOHPLVIRUPXODWHGDVDPL[HGLQWHJHUQRQOLQHDUSURJUDPZLWKWKHREMHFWLYHRIPLQLPL]LQJ
WKHWRWDOV\VWHPFRVWLQFOXGLQJERWKWKHRSHUDWLQJFRVWDQGXVHUFRVWZKLOHWKHORZHUOHYHOSUREOHPLVURXWH
FKRLFH SUHWULS DQG RQWULS PRGHO IRU WLPHGWUDQVIHU VHUYLFH$ PRUH JHQHUDOL]HG LQWHUUDWLR KHDGZD\V
VFHQDULR LV DOVR WDNHQ LQWR DFFRXQW $ KHXULVWLF DOJRULWKP DQG WKH PHWKRG RI VXFFHVVLYH DYHUDJHV DUH
FRPSUHKHQVLYHO\DSSOLHGIRUVROYLQJWKHELOHYHOPRGHO5HVXOWVVKRZWKDWZKHQWKHUHURXWLQJEHKDYLRXULV
FRQVLGHUHGPRUHFRVWHIIHFWLYHVFKHGXOHFRRUGLQDWLRQVFKHPHZLWKOHVVVODFNWLPHVFDQEHDFKLHYHGDQG
LJQRULQJVXFKHIIHFWZRXOGXQGHUHVWLPDWHWKHHIILFDF\RIVFKHGXOHFRRUGLQDWLRQVFKHPH 
.H\ZRUGV 3XEOLF WUDQVSRUW %XV VFKHGXOH FRRUGLQDWLRQ 6WRFKDVWLF WUDYHO WLPHV 3DVVHQJHU WUDQVIHU
5HURXWLQJ 
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1. Introduction 
,QWKHHUDRILQWHUQHWRIWKLQJVWUDYHOOHUVH[SHFWVHDPOHVVPRELOLW\VROXWLRQVRQWKHJRDQGKDYHDFFHVVWR
XSWRWKHPLQXWH WUDIILF FRQGLWLRQV DQG WUDYHO RSWLRQV 6HDPOHVV WUDYHO UHTXLUHV JRRG SXEOLF WUDQVSRUW
FRQQHFWLYLW\ DQG FRRSHUDWLRQ DPRQJ GLIIHUHQW OLQHV7KLV FDQ EH GRQH HLWKHU EHIRUH RU DIWHU WUDQVLW OLQH
DOLJQPHQW6FKHGXOHFRRUGLQDWLRQDLPVDWDGMXVWLQJWKHWLPHWDEOHVRUKHDGZD\VVRDVWRPDNHWKHYHKLFOHV
RQGLIIHUHQWOLQHVDUULYHDWWKHWUDQVIHUVWDWLRQVLPXOWDQHRXVO\DVSRVVLEOHZKLFKLVDSURYHQVWUDWHJ\DIWHU
WUDQVLWOLQHDOLJQPHQW  
$OWKRXJKDZHOOSODQQHGV\QFKURQL]HGVFKHPHFDQFRQVLGHUDEO\LPSURYHOHYHORIVHUYLFHE\SURYLGLQJ
VHDPOHVV WUDQVIHU VROXWLRQV LQ SUDFWLFH WKHUH H[LVWV ODUJH QXPEHU RI VWRFKDVWLF DWWULEXWHV LQ WKH SXEOLF
WUDQVSRUWV\VWHPWUDYHOWLPHGZHOOWLPHDGYHUVHZHDWKHUGHPDQGHWFZKLFKDIIHFWVWKHPDWHULDOL]DWLRQRI
WKHSODQQHGV\QFKURQL]HG WLPHWDEOH <XHWHO:XHWDO:XHWDO6XFKVWRFKDVWLF
HYHQWV FDXVH DUULYDO GHOD\ WR WUDQVIHU VWDWLRQV DQG PLVVHG FRQQHFWLRQ IRU SDVVHQJHUV 7R FRXQWHU VXFK
VWRFKDVWLF HIIHFW LQ SUDFWLFH WUDQVLW DJHQFLHV QRUPDOO\ LPSRVH VXIILFLHQW VODFN WLPHV LQWR WLPHWDEOH WR
LQFUHDVHWKHSUREDELOLW\RIVXFFHVVIXOWUDQVIHUFRRUGLQDWLRQRIFRQQHFWLQJURXWHV+RZHYHUWKHDGGLWLRQRI
VODFNWLPHVFRXOGEULQJWZRGLVEHQHILWVIURPXVHUV¶SHUVSHFWLYHLWZLOOLQFUHDVHWKHRQERDUGZDLWLQJ
WLPHIRUWKRVHWKURXJKSDVVHQJHUVDQGIURPWKHYLHZSRLQWRIRSHUDWRULWLQFUHDVHVWKHWRWDOURXQGWULS
WLPH ZKLFK LQ WXUQ UHTXLUHV ELJJHU IOHHW VL]H WR SURYLGH WKH VDPH OHYHO RI VHUYLFH 2QH RI WKH JUHDWHVW
FKDOOHQJHV WR WUDQVLWDXWKRULWLHV LV WR LPSURYHVHUYLFHUHOLDELOLW\DQGRSHUDWLRQHIILFLHQF\ZKLFK LQYROYHV
PDNLQJ D GLIILFXOW WUDGHRII EHWZHHQ RSHUDWLRQ FRVW E\ DGGLQJ VODFN WLPHV DQG WKH RQWLPH DUULYDO
SHUIRUPDQFH2XUVWXG\H[SORUHVWKLVLGHD  
,WKDVEHHQVKRZQWKDWODUJHUKHDGZD\VHJPRUHWKDQPLQRUHYHQKDOIDQKRXUPDNHLWHDVLHUIRU
VFKHGXOHFRRUGLQDWLRQHJ7LQJDQG6FKRQIHOG:XHWDODQGWKDWSDVVHQJHUVSHUFHLYHVWKH
YDOXHRIZDLWLQJWLPHWZLFHDVPXFKDVWKHLQYHKLFOHWUDYHOWLPH+ROODQGHUDQG/LX$VDUHVXOWWKH
H[WUDZDLWLQJWLPHFRVWVFDXVHGE\WKHWUDQVIHUIDLOXUHHYHQWZLOOJUHDWO\FKDQJHWKHUHODWLYHXWLOLW\EHWZHHQ
GLIIHUHQWURXWHVVXFKWKDWVRPHSDVVHQJHUVZRXOGPRGLI\WKHLUURXWHVDVUHVSRQVHWRWKHVWDWXVRIWUDQVIHU
FRRUGLQDWLRQ:LWKWKHSURYLVLRQRIWUDIILFLQIRUPDWLRQRUURXWHJXLGDQFHDORQJWKHWULSG\QDPLFUHURXWLQJ
EHKDYLRXULVSUHYDOHQWXQGHUVWRFKDVWLFWUDYHOFRQGLWLRQV=KDRHWDO;XHWDO$VLQGLFDWHGLQ
WKHHPSLULFDOVWXG\E\.LPHWDOSDVVHQJHUVZRXOGSUHVHQWORZHUVWLFNLQHVVRQWKHVDPHURXWHZLWK
WKHLQFUHDVHLQWKHQXPEHURIDOWHUQDWLYHURXWHV7KHSHUIRUPDQFHRIWUDQVLWRSHUDWLRQLVKLJKO\UHODWHGWRWKH
WHPSRUDODQGVSDWLDOSDVVHQJHUIORZGLVWULEXWLRQDQGUXQQLQJIOHHW/LXDQG6LQJKD6RUUDQWLQDHWDO
:XHWDO7KHDFFXUDWHWUDQVIHUGHPDQGDQGWUDQVIHUZDLWLQJWLPHJLYHQWRWKHRSHUDWRUVDUH
LPSRUWDQWGHWHUPLQDQWVIRUWKHUHVHUYDWLRQRIVODFNWLPHVDQGIOHHWPDQDJHPHQW$VWKHILUVWVWHSWRZDUGVDQ
HIILFLHQWWUDQVLWV\VWHPXQGHUVWDQGLQJDQGPRGHOOLQJWKHLQWHUDFWLRQEHWZHHQWUDYHOEHKDYLRXUDQGVFKHGXOH
FRRUGLQDWLRQGHVLJQFDQKHOSWKHWUDQVLWSODQQHUVWRUHDVRQDEO\DOORFDWHDQGVFKHGXOHWKHDYDLODEOHIOHHWLQ
ILQHJUDQXODULW\6LQFH WKH DPRXQW RI VODFN WLPH LV ODUJHO\ GHWHUPLQHGE\ WUDQVIHU GHPDQG RQHSRVVLEOH
VROXWLRQLVWRSURYLGHDOWHUQDWLYHSDWKWRWUDQVSRUWSDVVHQJHUVEHWZHHQWKHHQGSRLQWVRIWKHOLQNDIIHFWHGE\
FRQQHFWLRQIDLOXUHVVXFKWKDWWKHVWUDQGHGSDVVHQJHUVDUHDEOHWRUHVXPHWKHLUMRXUQH\7KHUHIRUHEHVLGHV
LPSRVLQJVODFNVUHURXWLQJRISDVVHQJHUVLVDSRWHQWLDOEHKDYLRXUGULYHQVWUDWHJ\IRUGHOD\PDQDJHPHQWLQ
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SXEOLFWUDQVSRUW 
3UHYLRXVVWXGLHVRQEXVVFKHGXOHFRRUGLQDWLRQJHQHUDOO\DVVXPHGWKDWEHKDYLRUDOSDWWHUQRISDVVHQJHUVLV
LQGHSHQGHQWRI WKH V\QFKURQL]HGVFKHPHVDQGFRQQHFWLRQ VWDWXVZKLFK OLPLWV WKH VHUYLFH IOH[LELOLW\DQG
RSHUDWLRQDOHIILFLHQF\'LVWLQFWIURPSULRUUHVHDUFKFRQVLGHULQJSDVVHQJHUV¶UHURXWLQJEHKDYLRXUWKLVSDSHU
GHYHORSVDQRSWLPL]DWLRQIUDPHZRUNIRUUHOLDEOHWLPHGWUDQVIHUZKLOHDFKLHYLQJKLJKHIILFLHQF\WKDWDOORZV
WRUHDFWWRGHOD\HGEXVHVQRWRQO\E\VODFNVEXWDOVRE\UHURXWLQJRISDVVHQJHUV7RWKLVHQGZHILUVWGHILQH
DQGIRUPXODWHWKHFRQFHSWRIUHURXWLQJLQWKHFRQWH[WRIWLPHGWUDQVIHUXQGHUFRQQHFWLRQXQFHUWDLQW\ZKHUH
SDUWRIWUDQVIHUSDVVHQJHUVPRGLI\WKHLUSDWKVLQFDVHRIPLVVHGFRQQHFWLRQ:HWKHQVROYHWKHRSWLPL]DWLRQ
RIFRRUGLQDWHGWUDQVIHUE\LQWHJUDWLQJVXFKXVHUV¶URXWLQJVWUDWHJ\7KHVZLWFKLQJUDWHLVGHWHUPLQHGE\QRW
RQO\WKHGLVXWLOLW\RIDFFHSWDEOHURXWHVEXWDOVRWKHWUDQVIHUIDLOXUHUDWHERWKRIZKLFKDUHFRQWLQJHQWRQWKH
VHUYLFHKHDGZD\VDQGVODFNWLPHV2XUILQGLQJVVKRZWKDWWKHLQFOXVLRQRIUHURXWLQJFRQVLGHUDEO\DIIHFWVWKH
WUDQVIHUGHPDQGDQGQHWZRUNIORZGLVWULEXWLRQDQGPRUHLPSRUWDQWO\KHOSVWRUHGXFHWKHXQQHFHVVDU\VODFN
WLPHVSDUWLFXODUO\XQGHUVXSSO\FRQVWUDLQWV:HWKXVVXJJHVWWKDWWKHSHUIRUPDQFHRIVFKHGXOHFRRUGLQDWLRQ
FRXOGEHLPSURYHGLQDQDGKRFPDQQHUZKLFKSURYLGHVQHZSUDFWLFDOLQVLJKWVIRUIOHHWPDQDJHPHQW  
7KHUHVWRIWKHSDSHULVRUJDQL]HGDVIROORZV,QVHFWLRQDUHYLHZRISUHYLRXVZRUNVDQGRXUFRQWULEXWLRQV
DUHSURYLGHG,QVHFWLRQZHIRUPXODWHWKHPRGHODQGVROXWLRQDOJRULWKP6HFWLRQSHUIRUPVH[SHULPHQWV
WRYHULI\WKHHIIHFWLYHQHVVRIRXUPRGHO)LQDOO\6HFWLRQSURYLGHVFRQFOXVLRQDQGIXWXUHZRUNV  
 
2. Literature review and main contributions 
7LPHWDEOLQJDQGVFKHGXOLQJSUREOHPVIRUSXEOLFWUDQVSRUWKDYHUHFHLYHGFRQVLGHUDEOHDWWHQWLRQIRUPDQ\
\HDUVGXHWRWKHLUSUDFWLFDOLPSRUWDQFH*HQHUDOO\VFKHGXOHFRRUGLQDWLRQFDQEHFDUULHGRXWDWERWKSODQQLQJ
OHYHODQGRSHUDWLRQOHYHO7KHIRUPHUVHHNVWRGHVLJQDWLPHWDEOHWRUHDOL]HVLPXOWDQHRXVDUULYDOVDWDWUDQVIHU
VWDWLRQ DV SRVVLEOH WR UHGXFH WKH WUDQVIHU ZDLWLQJ WLPH IRU SDVVHQJHUV 7KH ODWWHU IRFXVHV RQ UHDOWLPH
GLVUXSWLRQE\PDQDJLQJXQH[SHFWHGGHOD\V WRDGKHUHRSHUDWLRQ WR WKHSUHGHVLJQHG WLPHWDEOHDVPXFKDV
SRVVLEOH  
&HGHUHWDOGHYHORSHGDPL[HGLQWHJHU OLQHDUSURJUDPPLQJPRGHOIRU WKHWLPHWDEOHJHQHUDWLRQ
SUREOHPZLWK WKHREMHFWLYHRIPD[LPL]LQJ WKHQXPEHURIVLPXOWDQHRXVYHKLFOHDUULYDOVDW WUDQVIHUKXEV
/DWHU(UDQNLUHOD[HGWKHV\QFKURQL]DWLRQFRQGLWLRQSURSRVHGE\&HGHUHWDODQGDOORZHG
DUULYDOWLPHRIEXVHVIURPGLIIHUHQWOLQHVDWWKHFRQQHFWLRQQRGHVLVQRWQHFHVVDULO\WKHVDPHEXWZLWKLQD
WDUJHWHG WLPH ZLQGRZ ,Q D PRUH UHDOLVWLF VHWWLQJ ,EDUUD5RMDV DQG 5LRV6ROLV  VWXGLHG WLPHWDEOH
V\QFKURQL]DWLRQSUREOHPIRUDFRPPRQOLQHVLWXDWLRQZKHUHGLIIHUHQWEXVOLQHVVKDUHWKHVDPHURXWHVHJPHQW
LQZKLFKEXVEXQFKLQJDYRLGDQFHLVGHVLUDEOH/DWHU,EDUUD5RMDVHWDOIXUWKHUH[SDQGHGWKHPRGHO
E\FRQVLGHULQJGLIIHUHQWSODQQLQJSHULRGV IRUGLIIHUHQW OLQHV7KHFRPPRQREMHFWLYHRI ,EDUUD5RMDVDQG
FROOHDJXHV¶ZRUNLVWRLPSURYHSDVVHQJHUWUDQVIHUVDQGUHGXFHEXVEXQFKLQJ,QFRQWUDVW:RQJHWDO
HVWDEOLVKHG D PL[HG LQWHJHU SURJUDPPLQJ PHWKRG IRU QRQSHULRGLF WLPHWDEOH V\QFKURQL]DWLRQ SUREOHP
ZKLFKLVUHDOL]HGE\MRLQWO\DGMXVWLQJWUDYHOWLPHGZHOOWLPHGLVSDWFKLQJWLPHDQGKHDGZD\V5HFHQWO\/LX
DQG&HGHULQWHJUDWHGWKHWLPHWDEOHV\QFKURQL]DWLRQDQGYHKLFOHVFKHGXOLQJXVLQJGHILFLWIXQFWLRQ 
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,Q SUDFWLFH EXVHV XVXDOO\ RSHUDWH LQ D ODUJH RSHQHQGHG HQYLURQPHQW ZKLFK HQWDLOV ODUJH DPRXQW RI
XQFHUWDLQW\WKDWSUHYHQWVYHKLFOHVIURPRSHUDWLQJDFFRUGLQJWRVFKHGXOHDQGKLQGHUVIXOO\UHDOL]DWLRQRIWKH
HIILFLHQF\RIVFKHGXOHFRRUGLQDWLRQ$VDUHVXOWLWLVGLIILFXOWWRPDLQWDLQYHKLFOHVFRQVLVWHQWZLWKWKHSODQQHG
VFKHGXOHGGHWHUPLQHGE\GHWHUPLQLVWLFPRGHOVLQXQFHUWDLQHQYLURQPHQW,QRUGHUWRDOOHYLDWHWKHXQFHUWDLQW\
PDQ\VWXGLHVKDYHIRFXVHGRQLQVHUWLQJFRQWUROVWUDWHJLHVLQWRVFKHGXOHHLWKHUDWWKHSODQQLQJRURSHUDWLRQ
VWDJH  
$WWKHSODQQLQJOHYHOWKHPRVWFRPPRQO\XVHGVWUDWHJ\LVWRLPSRVHVODFNWLPHVLQWKHWLPHWDEOH7LQJ
DQG6FKRQIHOGGHYHORSHGDPRGHORIVFKHGXOHFRRUGLQDWLRQE\RSWLPL]DWLRQRIKHDGZD\VDQGVODFN
WLPHVZLWKWKHREMHFWLYHRIPLQLPL]LQJWKHQHWWRWDOFRVWV&KRZGKXU\DQG&KLHQVWXGLHGWKHVFKHGXOH
FRRUGLQDWLRQSUREOHPLQDQLQWHUPRGDOWUDQVIHUVWDWLRQLQ1HZ-HUVH\&RDVW/LQHZKHUHSDVVHQJHUWUDQVIHU
EHWZHHQWUDLQDQGEXVDVZHOODVEHWZHHQEXVHV7KHGHVLJQYDULDEOHVWREHRSWLPL]HGLQFOXGHYHKLFOHVL]H
KHDGZD\VDQGVODFNWLPHV7KHUHDIWHU:XHWDOLQYHVWLJDWHGDWLPHWDEOLQJPRGHOE\DGGLQJVODFN
WLPHVRQWRPLWLJDWHWKHWUDYHOWLPHYDULDELOLW\7KH\EXLOWXSRQWKHRULJLQDOZRUNRI&HGHUHWDODQG
GHYHORSHG D VWRFKDVWLF LQWHJHU SURJUDPPLQJ PRGHO ZKHUH GHFLVLRQ YDULDEOHV FRQVLVW RI VODFN WLPHV DQG
GHSDUWXUHWLPHV  
,QSDUDOOHOZLWKVWXGLHVDW WKHSODQQLQJOHYHO WKHUHDOVRKDYHEHHQDIHZVWXGLHVDW WKHRSHUDWLRQOHYHO
ZKLFKDWWHPSWWRLPSRVHUHDOWLPHFRQWUROVWUDWHJLHVLQWRVFKHGXOHLQDUHDOWLPHPDQQHUVXFKDVKROGLQJ
VWRSVNLSDQGVSHHGFRQWURO$VVXPPDUL]HGLQDUHYLHZE\,EDUUD5RMDVHWDOKROGLQJLVDQDGDSWLYH
GHFLVLRQPHWKRGDQGLVWKHPRVWFRPPRQO\XVHGG\QDPLFFRQWUROVWUDWHJ\WKDWFDQEHLPSOHPHQWHGDWERWK
LQWHUPHGLDWHEXVVWRSVDQGDWWUDQVIHUQRGHV7KHJRDORIWKHIRUPHULVWRUHGXFHEXVEXQFKLQJDQGUHJXODU
KHDGZD\VDORQJDEXVFRUULGRUZKLOHWKHODWWHULVWRDOORZZHOOWLPHGSDVVHQJHUWUDQVIHUV7LQJDQG6FKRQIHOG
GHYHORSHGDG\QDPLFKROGLQJFRQWUROPRGHOIRUDWUDQVIHUVWDWLRQ&KXDQJDQG6KDODE\DSSOLHG
KROGLQJFRQWUROWRUHDOL]HFRQQHFWLRQSURWHFWLRQDQGHYDOXDWHGLWDWDQLQWHUPRGDOWUDQVIHUVWDWLRQLQWKHFLW\
RI%UDPSWRQ&DQDGD6RPHUHVHDUFKHUVDOVRDSSOLHGWKHKROGLQJFRQWUROWRGHDOZLWKVWRFKDVWLFGLVWXUEDQFHV
RUGHOD\HGDUULYDOVDWWUDQVIHUQRGHVHJ'HVVRXN\HWDO&KRZGKXU\DQG&KLHQ<XHW
DO  'DJDQ]R DQG 3LODFKRZVNL  SURSRVHG DQ DGDSWLYH VSHHG FRQWURO VWUDWHJ\ LQ D WZRZD\
ORRNLQJPDQQHUZKLFK LV EDVHGRQ WKH VSDFLQJERWK LQ WKH IURQW DQG UHDU RI HDFKEXV/LX HW DO 
SURSRVHG DQ LQWHUYHKLFOH FRPPXQLFDWLRQ VFKHPH WR RSWLPL]H WKH VFKHGXOH FRRUGLQDWLRQ ZKHUH WZR
RSHUDWLRQDOWDFWLFVVSHHGFRQWURODQGKROGLQJDWWUDQVIHUSRLQWZHUHHPSOR\HGE\XVLQJUHDOWLPHLQIRUPDWLRQ
+DGDV DQG &HGHU  GHYHORSHG VLPXODWLRQ PRGHOV IRU WUDQVIHU V\QFKURQL]DWLRQ WKURXJK RSWLPDO
FRPELQDWLRQVRIWKHVHOHFWHGWDFWLFVVXFKDVKROGLQJVWRSVNLSSLQJDQGVKRUWWXUQLQJ1HVKHOLDQG&HGHU
UHILQHGWKHVLPXODWLRQIUDPHZRUNE\WKHLQWURGXFWLRQRIVNLSVHJPHQWVWUDWHJ\DSDUWIURPVNLSSLQJD
VWRS/DWHU:XHWDO SXW IRUZDUGVDQHZVWUDWHJ\QDPHG³VDIHW\FRQWUROPDUJLQ´ WR LPSURYH WKH
RSHUDWLRQHIILFLHQF\DQGWUDQVIHUUHOLDELOLW\RIVFKHGXOHFRRUGLQDWLRQE\LQWHJUDWLQJG\QDPLFKROGLQJFRQWURO
DQGVODFNVDWERWKSODQQLQJDQGRSHUDWLRQOHYHOV  
7KHSHUIRUPDQFHRIVFKHGXOHFRRUGLQDWLRQVFKHPHODUJHO\GHSHQGVRQWKHLQWHUDFWLRQEHWZHHQWUDQVSRUW
VXSSO\DQGWKHGHPDQGVLGHLQWKHEXVQHWZRUN+RZHYHUPRVWRIH[LVWLQJVWXGLHVRQVFKHGXOHFRRUGLQDWLRQ
DVVXPHSDVVHQJHUV¶ URXWHFKRLFHEHLQJ LQGHSHQGHQWRI WKH WLPHWDEOHDQG WKH\FKRRVHSDWKVSXUVXLQJ WKH
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PLQLPDOFRVWZLWKRXWFRQVLGHULQJWKHWUDQVIHUFRQQHFWLRQIDLOXUHHJ7LQJDQG6FKRQIHOG:XHWDO
,QRWKHUZRUGVSDVVHQJHUURXWHVDUHSUHGHWHUPLQHGLQWKHRSWLPL]DWLRQSURFHVVJLYHQWKHSODQQHG
WLPHWDEOH7KLVDVVXPSWLRQLVGLIILFXOWWRGHIHQGVLQFHLQUHDOLW\WKHSDVVHQJHUV¶URXWHFKRLFHFRXOGFKDQJH
ZLWKV\QFKURQL]HGWLPHWDEOHDQGWUDQVIHUUHOLDELOLW\5HFHQWZRUNVIRUWLPHWDEOHV\QFKURQL]DWLRQFRQVLGHULQJ
WKHLQWHUDFWLRQEHWZHHQWLPHWDEOLQJDQGSDVVHQJHUV¶URXWHFKRLFHDUH3DUWRHWDODQG/LXDQG&HGHU
DVVXPLQJWKDWSDVVHQJHUVIROORZDIL[HGURXWHWKURXJKWKHQHWZRUNZLWKJLYHQWLPHWDEOHLHVWDWLF
XVHU HTXLOLEULXP 7KHLU PRGHOV DUH GHWHUPLQLVWLF LQ WKDW WKH VWRFKDVWLF WUDYHO WLPH DQG WKH UHVXOWLQJ
FRQQHFWLRQIDLOXUHKDVQRWEHHQFRQVLGHUHG+RZHYHULQWKHSUHVHQFHRIPLVVHGFRQQHFWLRQDQGUHURXWLQJ
GHFLVLRQV DORQJ WKH MRXUQH\ WKHSDVVHQJHU IORZPD\QRW HYROYH WR DQ HTXLOLEULXP VWDWH7R LQFUHDVH WKH
RSHUDWLRQDODFFXUDF\DQGEHKDYLRXUDOUHDOLVPLWLVQHFHVVDU\WRFDSWXUHERWKWKHSUHWULSDQGRQWULSGHFLVLRQV
LQWKHFRQWH[WRIVFKHGXOHFRRUGLQDWLRQ$OORZLQJVXFKUHDOLVWLFSDVVHQJHUEHKDYLRXUSUHVHQWVGLIILFXOWLHVWR
WKHRSWLPL]DWLRQRIVFKHGXOHFRRUGLQDWLRQ7KHPDLQFKDOOHQJHLVKRZWRIRUPXODWHMRLQWO\WKHGHSDUWXUHURXWH
FKRLFHDGDSWLYHRQWULSUHURXWLQJRSWLRQVDQGV\QFKURQL]HGRSHUDWLRQGHVLJQ 
,Q WKLV VWXG\ ZH GHYHORS D PRUH JHQHUDOL]HG VFKHGXOH FRRUGLQDWLRQ PRGHO LQWR ZKLFK WKH WUDQVIHU
UHOLDELOLW\DQGWKHUHVSHFWLYHEHKDYLRXUUHDFWLRQVLHUHURXWLQJDUHH[SOLFLWO\ LQFRUSRUDWHG7KHWUDQVIHU
UHOLDELOLW\ UHIHUV WR WKH H[SHFWHG SUREDELOLW\ RI VXFFHVVIXO FRQQHFWLRQ7KH UHVHUYDWLRQ RI VODFN WLPHV DW
WUDQVIHUKXEFRXOGVLJQLILFDQWO\LQFUHDVHWKHVXFFHVVRIWUDQVIHUFRRUGLQDWLRQWKHRSWLPL]DWLRQLVSHUIRUPHG
ZLWK WKH YLHZ RI H[SORULQJ WKH RSWLPDO KHDGZD\V DQG VODFN WLPHV WR UHGXFH WKH V\VWHPDWLF WRWDO FRVWV
LQFOXGLQJXVHUFRVWDQGRSHUDWRUFRVW  
7KHFRQWULEXWLRQVRIWKHSDSHUDUHZHSURSRVHDXQLILHGIUDPHZRUNIRUPRGHOOLQJURXWHFKRLFHSUH
WULSDQGRQWULSLQWKHFRQWH[WRIVFKHGXOHFRRUGLQDWLRQZKHUHWKHWUDQVIHUSDVVHQJHUVPD\PRGLI\WKHLU
RULJLQDOO\SODQQHGSDWK LQ WKHHYHQWRIPLVVHGFRQQHFWLRQ7KHPRGHO LVVFDODEOHDOORZLQJSDVVHQJHUV WR
PRGLI\WKHSDWKFKRLFHPXOWLSOHWLPHVZHEXLOGWKHLQWHUGHSHQGHQFLHVEHWZHHQXQFHUWDLQW\RIEXVGHOD\
DUULYDO WLPHVWKHWUDQVIHUIDLOXUHUDWHDQGUHURXWLQJSUREDELOLW\LQZKLFKZD\WKHLQWHUDFWLRQEHWZHHQWKH
VFKHGXOHGHVLJQDQGURXWHFKRLFHLVKDQGOHGZHGHPRQVWUDWHWKDWE\LQFOXGLQJUHURXWLQJEHKDYLRXULQWKH
WUDYHOVWUDWHJ\PRUHFRVWHIIHFWLYHVFKHGXOHSODQZLWKOHVVVODFNWLPHVFDQEHPDWHULDOL]HG7RWKHEHVWRI
RXU NQRZOHGJH WKLV LV WKH ILUVW DWWHPSW LQ RSWLPL]LQJ EXV VFKHGXOH FRRUGLQDWLRQ VFKHPH E\ LQWHJUDWLQJ
WUDQVIHUUHOLDELOLW\DQGDGDSWLYHUHURXWLQJEHKDYLRXUIURPWKHV\VWHPDWLFSRLQWRIYLHZ 
3. Model formulation  
3UREOHPGHVFULSWLRQ 
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)LJ$GLDJUDPPDWLFLOOXVWUDWLRQRISDVVHQJHUUHURXWLQJXQGHUPLVVHGFRQQHFWLRQLQDORRSHGQHWZRUN 
7KLVSDSHUVHHNVWRGHYHORSDQHQKDQFHGVWRFKDVWLFEXVVFKHGXOHFRRUGLQDWLRQPRGHOPRUHVSHFLILFDOO\
E\PRGHOOLQJWKHSUHWULSDQGRQWULSURXWHFKRLFHDQGLQYHVWLJDWHVKRZWKHSDVVHQJHUURXWHFKRLFHLQWHUDFW
ZLWKGLIIHUHQWRSHUDWLRQDOVHWWLQJV7RDFKLHYHVRZHILUVWO\SUHVHQWDEXVVFKHGXOHFRRUGLQDWLRQPRGHOZLWK
VWDWLF URXWH FKRLFH ZLWKRXW UHURXWLQJ EHKDYLRXU WKHQ H[WHQG WKH EDVLF PRGHO E\ H[SOLFLWO\ PRGHOOLQJ
SDVVHQJHUUHURXWLQJDVDQRWKHUZD\RIKDQGOLQJXQFHUWDLQW\7KHPRGHOVDUHFRPSDUHGXQGHUGLIIHUHQWJLYHQ
GHPDQGVDQGVXSSO\FRQVWUDLQWV 
&RQVLGHUDEXVQHWZRUNZLWKWLPHWUDQVIHUZKHUHDIL[HGQXPEHURISDVVHQJHUVZDQWWRJRIURPQRGHWR
QRGHVHH)LJIRULOOXVWUDWLRQ7KHUHDUHWZRSRVVLEOHLWLQHUDULHVDORQJSDWKVDQGLQZKLFKSDWKLV
WKH VKRUWHU SDWK XQGHU WKH FRQGLWLRQ RI VXFFHVVIXO FRRUGLQDWLRQ )RU VLPSOLFLW\ KHUH ZH DVVXPH WKDW
SDVVHQJHUVWDNHWKHVKRUWHVWURXWHWRDGHVWLQDWLRQ,IWKHSRVVLELOLW\RISDVVHQJHUVUHURXWLQJLVQRWFRQVLGHUHG
WKHQXPEHURISDVVHQJHUVDIIHFWHGE\PLVVHGFRQQHFWLRQLVWKHWRWDOGHPDQGWUDYHOOLQJIURPQRGHWRQRGH
ZKLFKFRXOGOHDGWRXQQHFHVVDU\ORQJVODFNWLPHIRUQRGH+RZHYHULIWKHSDVVHQJHUVLVDOORZHGWRDGDSW
WKHLUSDWKWRWKHSUHYDLOLQJGHOD\VLWXDWLRQLWWXUQVRXWWKDWWKHQHJDWLYHHIIHFWRIPLVVLQJFRQQHFWLRQFDQEH
SDUWLDOO\PLWLJDWHG7KHUHDUHWZRRSWLRQVLQWKLVFDVHVRPHSDVVHQJHUVZRXOGVWD\DWQRGHDQGZDLWIRU
WKHQH[WEXVRQOLQHZKLOHWKHRWKHUJURXSPD\VZLWFKWRSDWK,QRWKHUZRUGV WKH\ZLOOVWD\DW WKH
GHOD\HGEXVXQWLODUULYLQJDWQRGHDQGWKHQUHDFKWKHGHVWLQDWLRQE\WUDQVIHUULQJWROLQH  
7KHH[DPSOHVKRZVWKDWWKHDFWXDOGHPDQGDIIHFWHGE\PLVVHGFRQQHFWLRQLVRQO\SDUWRIWKHWRWDOGHPDQG
WUDYHOOLQJ IURP QRGH  WR $V D UHVXOW WKH GHWULPHQWDO HIIHFWV RI PLVVHG FRQQHFWLRQ ZLWK UHURXWLQJ RI
SDVVHQJHUV LVVPDOOHU WKDQ WKRVHZLWKRXW IRU WKHVDPHDPRXQWRIVODFN WLPH ,QRWKHUZRUGV WKHRSWLPDO
DOORFDWHGVODFNWLPHVZLWKUHURXWLQJEHKDYLRXUPD\EHVPDOOHUWKDQWKRVHZLWKRXWUHURXWLQJ 
7RWKLVHQGZHGHILQHWKHFRQFHSWRIUHURXWLQJEHKDYLRXULQWKHFRQWH[WRIVFKHGXOHFRRUGLQDWLRQXQGHU
FRQQHFWLRQXQFHUWDLQW\DVIROORZV3DVVHQJHUVGHWHUPLQHWKHLUURXWHEHIRUHKDQGYLDFKHFNLQJWKHURXWHDQG
WLPHWDEOHV ,Q FDVHRIPLVVHG FRQQHFWLRQ SDVVHQJHUV DUH DVVXPHG WR FRPSDUH WUDYHO FRVW WR WKDW RI WKH
FXUUHQWO\XVHGSDWKLQGHFLGLQJZKHWKHUWRVZLWFKWRDQRWKHUDOWHUQDWLYH,QWKLVZD\ERWKSUHWULSDQGRQ
WULSGHFLVLRQVKDYHEHHQKDQGOHGLQWKHEXVVFKHGXOHSODQQLQJ  
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)LJ$GLDJUDPPDWLFLOOXVWUDWLRQRIWUXQNDQGIHHGHUQHWZRUN 
1RWHWKDWZKHWKHUWKHUHH[LVWVDQRWKHUDOWHUQDWLYHSDWKGHSHQGVRQWKHEXVQHWZRUNVWUXFWXUHZKLOHWKH
VZDSSLQJGHPDQGLVGHWHUPLQHGE\XWLOLW\GLIIHUHQFHVEHWZHHQWKHRULJLQDOO\SODQQHGSDWKDQGDOWHUQDWLYH
SDWKV *HQHUDOO\ EXV QHWZRUNV SUHVHQW GLIIHUHQW WRSRORJLFDO VWUXFWXUHV VXFK DV WUXQNDQGIHHGHU
6LYDNXPDUDQ.HWDO*VFKZHQGHU$HWDOORRSHG7LQJDQG6FKRQIHOG:XHWDO
DQGULQJUDGLDOVWUXFWXUH&KHQHWDO6DLGL6HWDO)RUWUXQNDQGIHHGHUQHWZRUNDV
VKRZQ LQ)LJ DQ\2'SDLU EHWZHHQ WZREUDQFKHV VKRXOG UXQ WKURXJK WKHPDLQ µWUXQN¶ URXWH WKXVQR
DOWHUQDWLYHFRXOGEHSURYLGHGE\WKHVSDWLDOQHWZRUN6XFKDQHWZRUNVWUXFWXUHLVKRZHYHUEH\RQGWKHVFRSH
RIWKLVVWXG\  
1HWZRUNUHSUHVHQWDWLRQDVVXPSWLRQDQGQRWDWLRQV 
6XSSRVHDJHQHUDOWUDQVLWQHWZRUNFRQVLVWLQJRIDVHWRIEXVOLQHVDQGVWDWLRQVQRGHZKHUHSDVVHQJHUV
FDQERDUGDOLJKWRU WUDQVIHU)RU LOOXVWUDWLYHSXUSRVHZHDGRSW WKHQHWZRUN LQ+XDQJHWDO DVDQ
H[DPSOH,QWKLVQHWZRUN)LJDEXVOLQHLVDIL[HGSDWKFRQQHFWLQJWZRWHUPLQDOVIRULQVWDQFHEXVOLQHܮଵ FDQEHVHHQWRUXQEHWZHHQWHUPLQDOV ଵܰ DQG ସܰ$WUDQVLWOLQNLVDVHJPHQWRIDEXVOLQHFRQQHFWLQJ
WZR FRQVHFXWLYH VWDWLRQV UHSUHVHQWHG DV ଵܰ ௅భ՜ ଶܰ$ VHFWLRQEDVHGSDWK LV UHSUHVHQWHGE\ D VHTXHQFHRI
QRGHVDQGOLQNVXVHGRQWKLVWULSHJ ଵܰ ௅భ՜ ଶܰ ௅య՜ ସܰ'XHWRWKHFRQVROLGDWLRQRIEXVOLQHVLQDURXWHVHFWLRQ
DVHFWLRQEDVHGSDWKFDQEHGHFRPSRVHGLQWRVHYHUDOOLQHEDVHGSDWKV)RUH[DPSOHWKHVHFWLRQEDVHGSDWK
ଵܰ ௌభሺ௅భǡ௅యሻሱۛ ۛۛ ۛۛ ሮ ସܰ FDQEHH[WHQGHGWRWZROLQHEDVHGSDWKV ଵܰ ௅భ՜ ସܰ DQG ଵܰ ௅య՜ ସܰ  
    
                          D                                     E 
)LJ7UDQVLWQHWZRUNUHSUHVHQWDWLRQXVLQJDOLQHVDQGEURXWHVHFWLRQVDGDSWHGIURP+XDQJHWDO
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:LWKRXWORVVRIJHQHUDOLW\WKHDVVXPSWLRQVFRQVLGHUHGLQGHYHORSLQJWKHPRGHODUHWKHIROORZLQJ 
$ 5RXWH LQIRUPDWLRQ LQFOXGLQJ SDVVHQJHU GHPDQG DQG EXV WUDYHO WLPH DUH NQRZQ DQG IL[HG LQ WKH
SODQQLQJSHULRG 
$6LQFHWKHPLQLPDOSDVVHQJHUV¶ZDONLQJWLPHDWWKHWUDQVIHUVWDWLRQFDQEHVLPSO\DGGHGRQWRWKHYHKLFOH
UXQQLQJWLPHDVLQSXWLWLVUHDVRQDEOHWRDVVXPHWKDWWKHWUDQVIHUWLPHEHWZHHQEXVHVDWDWUDQVIHUVWDWLRQLV
]HUR 
$7KHPRGHOIRFXVHVRQWKHVFKHGXOHGHVLJQRYHUDVSHFLILFSODQQLQJKRUL]RQLQZKLFKSDVVHQJHUGHPDQG
DQGWUDYHOWLPHUHWDLQWKHLUFKDUDFWHULVWLFV+RZHYHUWKHPRGHOFDQEHH[WHQGHGWRLQFRUSRUDWHGHPDQGDQG
UXQQLQJ WLPH G\QDPLFV LQ PXOWLSHULRG VFKHGXOH FRRUGLQDWLRQ SODQQLQJ WR FDSWXUH WKH WLPHGHSHQGHQW
RSHUDWLQJFRQGLWLRQVZKLFKKDVEHHQOHIWIRUIXWXUHUHVHDUFK 
  7KHQRWDWLRQVDGRSWHGLQWKLVSDSHUDUHJLYHQLQ7DEOH 
7DEOH3ULPDU\QRWDWLRQVXVHGLQWKHDUWLFOH 
1RWDWLRQV 'HILQLWLRQV 
,QGLFHV ݇ WKHEXVOLQHLQGH[ ݏ WKHLQGH[RIURXWHVHFWLRQ ݉ LQGLFHVRIWUDQVIHUQRGHV ݌ WKHLQGH[RIWUDQVLWSDWK 
0RGHOSDUDPHWHUV ܤ XQLWYHKLFOHRSHUDWLRQFRVW  ߤ௪ YDOXHRISDVVHQJHUZDLWLQJWLPHDQGGHOD\HGFRQQHFWLRQWLPH ߤ௖ YDOXHRIPLVVHGFRQQHFWLRQWLPH ݐ௦ DYHUDJHWUDYHOWLPHRQOLQN ݏ ܥܽ YHKLFOHFDSDFLW\ ݂ሺ݀௠௞ሻ WKHSUREDELOLW\GHQVLW\IXQFWLRQRIGHOD\HGDUULYDODWWUDQVIHUQRGH ݉ RQOLQH ݇ ߠ WKHGHJUHHRISDVVHQJHUV¶SHUFHSWLRQRIWKHSDWKWUDYHOWLPH 
$X[LOLDU\YDULDEOHV ܥܽ௦ WKHFDSDFLW\RIOLQN ݏ ݔ௦ WKHIORZRIOLQN ݏ ௦ܶ SHUFHLYHGLQYHKLFOHWUDYHOWLPHRQOLQN ݏ ܳ௦ ERDUGLQJGHPDQGRQOLQN ݏ ܳ௠௞ WKURXJKGHPDQGDWWUDQVIHUQRGH ݉ RQOLQH ݇ ܳ௠௞௞ᇲ  WUDQVIHUGHPDQGDWWUDQVIHUQRGH ݉ EHWZHHQOLQH ݇ DQGLWVFRQQHFWLQJOLQH ݇ᇱ ZLWKRXW
UHURXWLQJRUWKHWUDQVIHUGHPDQGIRUPLVVHGFRQQHFWLRQZLWKUHURXWLQJ ܳݐ௠௞௞ᇲ  WUDQVIHU GHPDQG IRU GHOD\ FRQQHFWLRQ DW WUDQVIHU QRGH ݉ EHWZHHQ OLQH ݇ DQG LWV
FRQQHFWLQJOLQH ݇ᇱ ZLWKUHURXWLQJ ௣݂௪ VHFWLRQEDVHGIORZRISDWK ݌ EHWZHHQ2'SDLU ݓ ZLWKRXWUHURXWLQJ  ሶ݂௣௪ OLQHEDVHGIORZRISDWK ݌ EHWZHHQ2'SDLU ݓ ZLWKRXWUHURXWLQJ መ݂௣௡௪  QRQDGDSWLYHIORZRISDWK ݌ EHWZHHQ2'SDLU ݓ XQGHU ݊WKWUDQVIHU ሚ݂௣ҧ௡௪  DGDSWLYH IORZ GHWRXULQJ WKURXJK DOWHUQDWLYH SDWK ݌ҧ EHWZHHQ 2' SDLU ݓ XQGHU ݊WK
WUDQVIHU 
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Ԧ݂௣௡௪  WKHH[SHFWHGLQFRPLQJIORZRQSDWK ݌ XQGHU ݊WKWUDQVIHU ܲݎ௣௝௪  VZLWFKLQJUDWHDW ݆WKWUDQVIHUVWDWLRQRQSDWK ݌ EHWZHHQ2'SDLU ݓ ௠ܲ௞௞ᇲ WUDQVIHUIDLOXUHUDWHEHWZHHQOLQH ݇ DQG ݇ᇱ DWWUDQVIHUQRGH ݉ ܲܿ௣௝௪  WUDQVIHUIDLOXUHUDWHDW ݆WKWUDQVIHUVWDWLRQRQSDWK ݌ EHWZHHQ2'SDLU ݓ ߦ௦௣௪  LIOLQN ݏ LVWKHILUVWVHFWLRQRISDWK ݌ EHWZHHQ2'SDLU ݓDQGRWKHUZLVH ߬௠௞௞ᇲ LIOLQH ݇ DQGOLQH ݇ᇱ VKDUHWUDQVIHUQRGH ݉DQGRWKHUZLVH  ߜ௦௣௪  LIOLQN ݏ LVRQSDWK ݌ EHWZHHQ2'SDLU ݓDQGRWKHUZLVH ܾ௞௣ LIOLQH ݇ LVRQSDWK ݌DQGRWKHUZLVH ߮௞௠ LIQRGH ݉ QRWWKHWHUPLQDOLVRQOLQH ݇DQGRWKHUZLVH ߰௣௝௠  LIQRGH ݉ LVWKH ݆WKWUDQVIHUVWDWLRQRQSDWK ݌ EHWZHHQ2'SDLU ݓDQGRWKHUZLVH ܼ௠௞௞ᇲ  LQWHUF\FOHWUDQVIHUZDLWLQJWLPHIURPOLQH ݇ WROLQH ݇ᇱ DWQRGH ݉ ܷ௣௪ WKHH[SHFWHGWUDYHOGLVXWLOLW\RQSDWK ݌ EHWZHHQ2'SDLU ݓ ෨ܶ௠௣  WKHH[SHFWHGWUDQVIHUZDLWLQJWLPHFRVWDWWUDQVIHUQRGH ݉ RQSDWK ݌ ܥ௢ RSHUDWLRQFRVW ܥூ LQYHKLFOHWUDYHOWLPHFRVW ܥ௪ LQLWLDOZDLWLQJWLPHFRVW ܥ௖ PLVVHGFRQQHFWLRQFRVW ܥ௙ GHOD\HGFRQQHFWLRQFRVW ܥ௚ LQWHUF\FOHGHOD\FRVW ܥ V\VWHPWRWDOFRVW 
'HFLVLRQYDULDEOHV ݏ௠௞ VODFNWLPHRQOLQH ݇ DWWUDQVIHUQRGH ݉ ݄௞ GHSDUWXUHKHDGZD\RQOLQH ݇ 
,QGLYLGXDOFRVWIRUPXODWLRQZLWKRXWUHURXWLQJ 
:LWKRXWORVVRIJHQHUDOLW\ZHDVVXPHWKHGHOD\HGDUULYDOWLPHIROORZDJLYHQGLVWULEXWLRQ7RDVVXUHD
KLJKSUREDELOLW\RIVFKHGXOHGWUDQVIHUDWWKHSODQQLQJOHYHOVODFNWLPHVDUHRIWHQDGGHGLQWRWKHVFKHGXOHWR
PLWLJDWHWKHHIIHFWRIGHOD\HGDUULYDOWLPH7KHSUREOHPRIVWRFKDVWLFEXVVFKHGXOHFRRUGLQDWLRQGHVLJQLVWR
GHWHUPLQHWKHKHDGZD\VDQGVODFNWLPHVWKDWFRUUHVSRQGVWRWKHPLQLPXPYDOXHRIWRWDOFRVWVZKLFKLQYROYHV
WKHWUDGHRIIEHWZHHQYDULRXVFRVWFRPSRQHQWV,QRUGHUWRRSHUDWHWKHVFKHGXOHSHULRGLFDOO\WKHKHDGZD\V
RIGLIIHUHQWEXVOLQHVVKRXOGEHVHWDVFRPPRQRULQWHUUDWLR7KLVOHDGVWRWKHIROORZLQJWZRVFHQDULRV 
(a) common headway (CH) where the headways of different bus lines are identical, i.e., ݄௞ ൌ ݄, where ݄ is the common headway.  
(b) inter-ratio headway (IR) where the optimized headways of different lines are integer multiples of a 
base cycle, i.e, ݄௞ ൌ ߚ௞ݕ, where ݕ is the base cycle and ߚ௞ is a positive integer number. If ߚ௞ ൌ ?, the integer-ratio headway scenario is equivalent to common headway. In other words, the common 
headway scenario is a special case of inter-ratio headway. 
)RUFRRUGLQDWHGRSHUDWLRQVWKHV\VWHPFRVWVDUHGHWHUPLQHGDWWKHSODQQLQJOHYHOLQFOXGLQJLQLWLDOZDLWLQJ
WLPHFRVW ܥ௪LQYHKLFOHWUDYHOWLPHFRVW ܥூRSHUDWLQJFRVW ܥ௢DQGWKHLQGXFHGVODFNFRVW ܥ௦ FRVWFDXVHG
E\WKHLQWURGXFWLRQRIVODFNWLPHV0RUHRYHUWKHWUDQVIHUZDLWLQJFRVWVFRXOGEHVHSDUDWHGLQWRWZRRUWKUHH
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IRU,5VFHQDULRVFRPSRQHQWVDPLVVHGFRQQHFWLRQFRVW ܥ௖EGHOD\HGFRQQHFWLRQFRVW ܥ௙DQGFIRU
,5 RSHUDWLRQ RQO\ WKH LQWHUF\FOH WUDQVIHU ZDLWLQJ WLPH FRVW ܥ௚ :H VWDUW IURP H[WHQGLQJ WKH VFKHGXOH
FRRUGLQDWLRQGHVLJQPRGHORI:XHWDOWRLQFOXGHSDVVHQJHUSUHWULSDQGHQURXWHURXWHFKRLFHV  
,QGXFHGVODFNWLPHFRVW 
  7KHUHVHUYDWLRQRIVODFNWLPHVZRXOGLQGXFHDGGLWLRQDOFRVWVIRUERWKSDVVHQJHUVDQGRSHUDWRU)URPWKH
SHUVSHFWLYH RI SDVVHQJHUV LW LQFUHDVHV WKH RQERDUG WUDYHO WLPH IRU WKURXJK SDVVHQJHUV ZKLOH IURP
SHUVSHFWLYHRIRSHUDWRULWLQFUHDVHVWKHURXQGWULSWLPHDQGUHVXOWLQJIOHHWVL]H$VDUHVXOWWKHLQGXFHGVODFN
WLPHFRVWWDNHVWKHIROORZLQJIRUPV 
      ܥ௦ ൌ  ?  ? ቀߤ௪ܳ௠௞ ൅ ஻௛ೖቁ ݏ௠௞௞௠                                                     
ZKHUHWKHVHFRQGWHUPUHSUHVHQWVWKHSURGXFWRIH[WUDIOHHWVL]H ݏ௠௞ ݄௞ ?  DQGWKHXQLWYHKLFOHRSHUDWLQJFRVWܳ௠௞ LVWKHQXPEHURISDVVHQJHUSDVVLQJWKURXJKWUDQVIHUVWDWLRQ ݉ RQEXVOLQH ݇ DQGFDQEHFRPSXWHG
E\ 
      ܳ௠௞ ൌ  ?  ? ሶ݂௣௪߮௞௠ܾ௞௣௣௪                                                           
ZKHUH ܾ௞௣ HTXDOV LIEXV OLQH ݇ LV LQFOXGHG LQSDWK ݌ DQGRWKHUZLVH ߮௞௠ ൌ  ? LIQRGH ݉ QRW WKH
WHUPLQDOLVRQOLQH ݇DQGRWKHUZLVH  
1RWHWKDWLQ(TWKHSDWKIORZKHUHLVOLQHVSHFLILHGZKLFKFDQEHH[WUDFWHGIURPVHFWLRQEDVHGSDWK
IORZ 7KH QXPEHU RI SDVVHQJHUV XVLQJ HDFK OLQH LQ D JLYHQ URXWH VHFWLRQ LV SURSRUWLRQDO WR LWV UHODWLYH
DJJUHJDWHGIUHTXHQF\'H&HDDQG)HUQiQGH]WKXVSDVVHQJHUIORZRQURXWHVHFWLRQ ݏ WKDWXVHVEXV
OLQH ݇ FDQEHH[SUHVVHGDV 
       ݔ௦௞ ൌ ߨ௦௞ݔ௦ ݇ א ܣ௦                                                             
   ,QWKLVVSLULWIRUDWUDQVIHUSDWKFRQVLVWLQJRIDVHTXHQFHRIEXVOLQHV ݇WKHOLQHEDVHGSDWKIORZWDNHV
WKHIROORZLQJLWHUDWLYHIRUPV  
     ሶ݂௣௪ ൌ  ? ߨ௦௞ ௣݂௪௞  ݇ǡ ݏ א ݌                                                        
 1RWHWKDWWKHGLUHFWSDWKZKHUHWUDQVIHULVQHJOHFWHGLVDVSHFLDOFDVHRIDWUDQVIHUSDWKZKHUHWKHQXPEHU
RIEXVOLQHVXVHGE\WUDYHOHUVLVRQO\RQHVLQFHWKHUHLVQRRWKHUURXWHWREHVHOHFWHGDVDOORIWKHGHPDQG
ZLOOWUDYHOWKURXJKURXWHVHFWLRQ ݏ ZKLFKFRLQFLGHVZLWKSDLU ݓ 
0LVVHGFRQQHFWLRQFRVWDWWUDQVIHUVWDWLRQV  
0LVVHGFRQQHFWLRQHYHQWRFFXUVZKHQWKHFRQQHFWLQJEXVOHDYHVEHIRUHWKHWUDQVIHUSDVVHQJHUVDUULYH
7KH PLVVHG FRQQHFWLRQ FRVW LV WKH VXPPDWLRQ RI SURGXFW RI WUDQVIHU GHPDQG DQG WKH H[SHFWHG PLVVHG
FRQQHFWLRQWLPHZKLFKLVH[SUHVVHGDVIROORZV 
       ܥ௖ ൌ ߤ௖  ?  ?  ? ܳ௠௞௞ᇲ ௖ܶ௞௞ᇲ௞ᇲ௞௠                                                       
ZKHUH ௖ܶ௞௞ᇲUHSUHVHQWVWKHH[SHFWHGPLVVHGFRQQHFWLRQWLPHGHSHQGLQJRQWKHGHOD\HGGLVWULEXWLRQDQGVODFN
WLPHVRIZKLFKWKHGHWDLOHGGHULYDWLRQLVSURYLGHGLQ$SSHQGL[ 
 6LPLODUWRWKHWKURXJKSDVVHQJHUGHPDQGWKHFDOFXODWLRQRIWUDQVIHUGHPDQGFRQFHUQVZLWKWKHOLQH
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EDVHGSDWKIORZ)RUWKHFDVHZLWKRXWUHURXWLQJEHKDYLRXUSDVVHQJHUVVHOHFWDSDWKDSULRUDQGFRQWLQXH
DORQJLWWKURXJKRXWWKHLUMRXUQH\WKHWUDQVIHUIORZDWWUDQVIHUVWDWLRQ ݉ EHWZHHQOLQH ݇ DQGOLQH ݇ᇱ FDQ
EHVLPSO\H[SUHVVHGDVIROORZV 
     ܳ௠௞௞ᇲ ൌ  ?  ? ሶ݂௣௪௣௪ ܾ௞௣ܾ௞ᇲ௣߬௠௞௞ᇲ                                                    
ZKHUH ߬௠௞௞ᇲ ൌ  ? LIDQGRQO\LIOLQH ݇ DQGOLQH ݇ᇱ VKDUHWUDQVIHUQRGH ݉2WKHUZLVH ߬௠௞௞ᇲ ൌ  ?  
'HOD\HGFRQQHFWLRQFRVWDWWUDQVIHUVWDWLRQV  
8QOLNHPLVVHGFRQQHFWLRQFDVHWUDQVIHUSDVVHQJHUVFRXOGPDNHDVXFFHVVIXOFRQQHFWLRQE\ZDLWLQJIRU
UHODWLYHO\VKRUWHUWLPHLQVWHDGRIDIXOOKHDGZD\7KHWRWDOGHOD\HGFRQQHFWLRQFRVWLVDVVRFLDWHGZLWKWKH
SURGXFWRIWUDQVIHUGHPDQGDQGWKHH[SHFWHGWRWDOGHOD\HGFRQQHFWLRQWLPH1RWHWKDWIRUWKHFDVHZLWKRXW
UHURXWLQJWKHIRUPXODWLRQRIWUDQVIHUGHPDQGLVLGHQWLFDOWRWKDWRIPLVVHGFRQQHFWLRQDVLQ(T 
 ܥ௙ ൌ ߤ௪  ?  ?  ? ܳ௠௞௞ᇲ ௙ܶ௞௞ᇲ௞ᇲ௞௠                                                        
ZKHUH ௙ܶ௞௞ᇲUHSUHVHQWVWKHH[SHFWHGGHOD\HGFRQQHFWLRQWLPHVHH$SSHQGL[IRUGHYLDWLRQ 
7UDQVIHUZDLWLQJWLPHXQGHULQWHJHUUDWLRKHDGZD\V  
,Q,5VFHQDULRVWKHDYHUDJHWUDQVIHUGHPDQGEHWZHHQWZREXVOLQHVLVUHODWHGWRWKHLQWHJHUUDWLRRIWZR
KHDGZD\V7KLVDIIHFWVWKHPLVVHGFRQQHFWLRQFRVW ܥ௖ DQGWKHGHOD\HGFRQQHFWLRQFRVW ܥ௙)ROORZLQJ7LQJ
DQG 6FKRQIHOG  VLQFH YHKLFOHV RI WZR OLQHV HQFRXQWHU DW D WUDQVIHU QRGH HYHU\ WLPH LQWHUYDO݄௞݄௞ᇲ ݃௞௞ᇲݕ ? WKHDYHUDJHWUDQVIHUGHPDQGLV ܳ௠௞௞ᇲ݃௞௞ᇲݕ ݄௞ᇲൗ ZKHUH ݃௞௞ᇲ  VWDQGVIRUWKHJUHDWHVWFRPPRQ
GLYLVRU RI ߚ௞ DQG ߚ௞ᇲ LH ݃௞௞ᇲ ൌ ݃ܿ݀ሺߚ௞ ǡ ߚ௞ᇲሻ 7KHUHIRUH WKH PLVVHG FRQQHFWLRQ FRVW DQG GHOD\HG
FRQQHFWLRQFRVWIRU,5IROORZWKHVDPHIRUPXODWLRQVDVWKRVHIRUWKH&+VFHQDULRVLQ(TVDQGEXWWR
UHSODFH ܳ௠௞௞ᇲ E\ ܳ௠௞௞ᇲ݃௞௞ᇲݕ ݄௞ᇲൗ  
7KHIRUPXODWLRQVRILQGXFHGVODFNWLPHFRVW ܥ௦ IRU,5VFHQDULRVDUHWKHVDPHDVWKHLUFRUUHVSRQGLQJ&+
RSHUDWLRQVDVLQ(T7KLVLVEHFDXVHWKHIRUPXODWLRQVDUHQRWUHODWHGWRWKHWUDQVIHUGHPDQG 
 8QOLNHWKH&+VFHQDULRWKHLQWHUF\FOHWUDQVIHUZDLWLQJFRVW ܥ௚ VKRXOGEHLQFOXGHGLQWKHWUDQVIHUFRVW
LQ,5VFHQDULR7KHLQWHUF\FOHZDLWLQJFRVW ܥ௚ FDQEHSUHVHQWHGDVIROORZV 
  ܥ௚ ൌ ߤ௪  ?  ?  ? ܳ௠௞௞ᇲ௠௞ᇲ௞ ܼ௠௞௞ᇲ                                                       
  ܼ௠௞௞ᇲ ൌ ௛ೖᇲଶ ൅ ݏ௠௞ᇲ െ ଵଶ ݃௞௞ᇲݕ                                                       
(TUHSUHVHQWVWKHWRWDOWUDQVIHUZDLWLQJWLPHIURPOLQH ݇ WRLWVFRQQHFWLQJOLQH ݇ᇱZKHUH ݕ LVWKH
EDVHF\FOH7KHWHUP ݄௞ᇲ  ? ൅ ݏ௠௞ᇲ ?  UHSUHVHQWVWKHXSSHUERXQGRIWKHDYHUDJHZDLWLQJWLPHIRUOLQH ݇ᇱ7KH
VHFRQG WHUP ݃௞௞ᇲݕ  ? ?  PD\ EH LQWHUSUHWHG DV WKH WUDQVIHU ZDLWLQJ WLPH UHGXFWLRQ GXH WR GLIIHUHQW OLQH
KHDGZD\V,IWKHFRPPRQKHDGZD\LVVHOHFWHGDVWKHVROXWLRQWKHILUVWWHUPLVHOLPLQDWHGDQGWKHZDLWLQJ
WLPHHTXDOVWRWKHVODFNWLPHRIWKDWOLQH 
,QYHKLFOHWUDYHOWLPHFRVW                                                  
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   7KHUHPD\H[LVWFRPPRQOLQHFRUULGRUVLQWKHEXVQHWZRUN6FKP|FNHUHWDOWKHOLQNVSHFLILF
WUDYHOWLPHLVDVVRFLDWHGZLWKWKHOLQHVSHFLILFWUDYHOWLPHVDQGUHODWLYHIUHTXHQF\OHW ݐ௦௞ EHWKHLQYHKLFOH
WUDYHOWLPHIRUEXVOLQH ݇ RQURXWHVHFWLRQ ݏ7KHQWKHH[SHFWHGLQYHKLFOHWUDYHOWLPH ݐ௦ RQURXWHVHFWLRQݏ LVHTXDOWRWKHZHLJKWHGDYHUDJHRI ݐ௦௞ RIDOOOLQHVRQWKLVURXWHVHFWLRQ7KDWLV 
      ݐ௦ ൌ  ? ߨ௦௞ݐ௦௞௞א஺ೞ                                                                 
ZKHUH ܣ௦ LVWKHVHWRIDWWUDFWLYHOLQHVRQFRPPRQOLQN ݏ ߨ௦௞ LVWKHUHODWLYHIUHTXHQF\GHILQHGDVIROORZV 
      ߨ௦௞ ൌ ଵ ௛ೖ ?ଵ ௛ೞ ?   ׊݇ א ܣ௦                                                            
ZKHUHWKHMRLQWKHDGZD\IRUWKHFRPPRQVHFWLRQLVWKHRIVHUYLFHIUHTXHQF\RIDOODWWUDFWLYHOLQHVLH ݄௦ ൌ ? ൫ ? ሺ ? ௞݄ ? ሻ௞א஺ೞ ൯ ?  
7RFDSWXUHWKHSDVVHQJHU¶VGLVFRPIRUWHIIHFWWKHSHUFHLYHGLQYHKLFOHWUDYHOWLPHLVLQWURGXFHGZKLFK
GHSHQGVRQWKHOLQNIORZ ݔ௦ DQGFRUUHVSRQGLQJWUDYHOWLPH ݐ௦ZKLFKLVJLYHQE\ 
      ௦ܶ ൌ ൝ ݐ௦ ൤ ? ൅ ܽቀ ௫ೞ஼௔ೞቁ௕൨   ݂݋ݎ ݔ௦ ൐ ܥܽ௦ݐ௦                                   ݋ݐ݄݁ݎݓ݅ݏ݁                                            
 
ZKHUH ܥܽ௦ UHSUHVHQWWKHOLQNFDSDFLW\ ܽ DQG ܾ DUHWKHPRGHOSDUDPHWHUV(TUHVHPEOHVWKH%XUHDX
RI3XEOLF5RDGV%35IXQFWLRQLQUHODWLRQWRERWKWUDYHO WLPHDQGWKHOHYHORIFRQJHVWLRQ1RWHWKDW WKH
FRQJHVWLRQFRVWRILQWHUHVWKHUHGRHVQ
WLQFOXGHWKHH[WUDGHOD\LQGXFHGE\WKHOHIWRYHUSDVVHQJHUV 
 7KHSDVVHQJHUIORZRQOLQN ݏ LVUHODWHGWRWKHSDWKIORZLQWKHWUDQVIHUQHWZRUNDQGFDQEHHVWLPDWHGE\ 
    ݔ௦ ൌ  ?  ? ௣݂௪௣௪ ߜ௦௣௪                                                               
ZKHUH ߜ௦௣௪  LVWKHLQGLFDWRUZKLFKHTXDOVLIURXWHVHFWLRQ ݏ LVRQSDWK ݌ EHWZHHQ2'SDLU ݓ 
  ,Q (T WKH FDSDFLW\ RQ OLQN ݏ FDQ EH HVWLPDWHG E\ WKH SURGXFW RI YHKLFOH FDSDFLW\ DQG VHUYLFH
IUHTXHQF\WKHUHFLSURFDORIKHDGZD\LH 
      ܥܽ௦ ൌ ɀ ܥܽ ݄௦ ?                                                                  
ZKHUH ܥܽ UHSUHVHQWVWKHYHKLFOHFDSDFLW\ ɀ ൌ  ? ? PLQKLI WKHXQLWIRUKHDGZD\LVPLQXWHVDQGWKHOLQH
FDSDFLW\LVSDVVHQJHUVSHUKRXU 
  $VDUHVXOWWKHWRWDOSHUFHLYHGLQYHKLFOHWLPHFRVWFDQEHFDOFXODWHGDVWKHSURGXFWRIWKHOLQNIORZDQG
WKHFRUUHVSRQGLQJSHUFHLYHGLQYHKLFOHWUDYHOWLPHDQGH[SUHVVHGDVIROORZV 
      ܥூ ൌ ߤ௪  ? ݔ௦ ௦ܶ௦                                                                 
,QLWLDOZDLWLQJWLPHFRVW 
7KHLQLWLDOERDUGLQJGHPDQGLQFOXGHVWKHSDVVHQJHUVRULJLQDWLQJDWLQWHUPHGLDWHVWRSVDQGWUDQVIHUVWDWLRQV
7KH LQLWLDO ZDLWLQJ WLPH LV DVVRFLDWHG ZLWK WKH GHSDUWXUH KHDGZD\V ,Q WKH SUHVHQFH RI FRPPRQ OLQHV
SDVVHQJHUVZKRERDUGLQJDWWKHFRPPRQVWDWLRQFDQWUDYHOE\DQ\RIWKHOLQHV)RUUDQGRPSDVVHQJHUDUULYDOV
WKH H[SHFWHG LQLWLDO ZDLWLQJ WLPH DVVRFLDWHG ZLWK OLQN ݏ FDQ EH FDOFXODWHG DV KDOI RI WKH H[SHFWHG MRLQW
KHDGZD\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   ܧ ௦ܹ ൌ ଵଶ ܧሺ݄௦ሻ                                                                 
ZKHUH ܧሺ݄௦ሻ LV WKH H[SHFWHG MRLQW KHDGZD\ IRU WKH FRPPRQ OLQN DQG FDQ EH HVWLPDWHG E\ WKH GHVLJQ
KHDGZD\WKDWLV ܧሺ݄௦ሻ ൌ ݄௦$VWKHKHDGZD\EHFRPHVODUJHUSDVVHQJHUVDUHOLNHO\WRWLPHWKHLUDUULYDOV
ZLWKWKHSUHVFULEHGDUULYDOGHSDUWXUHWLPHV7KLVFDQEHKDQGOHGE\VLPSO\GLVFRXQWLQJDIDFWRUDVLQ0SFFLD
DQG/DSRUWHVRWKHUHLVQRFRQFHSWXDOGLIILFXOW\LQPRGHOOLQJPRUHFRPSOH[EHKDYLRXU 
7KHWRWDOLQLWLDOZDLWLQJWLPHFRVWLVUHODWHGWRWKHH[SHFWHGLQLWLDOZDLWLQJWLPHDQGWKHERDUGLQJGHPDQG
7KHZDLWLQJ WLPHRQ OLQN ݏ FDWHULQJ WRD WRWDOERDUGLQJGHPDQG ܳ௦ LV ܳ௦  ?ܧ ௦ܹ6XPPLQJXS WKH OLQN
VSHFLILFZDLWLQJWLPH\LHOGVWKHWRWDOZDLWLQJWLPHDVIROORZV 
      ܥ௪ ൌ ߤ௪  ? ܳ௦௦ ܧ ௦ܹ                                                             
  ,QWKHFRQWH[WRIVFKHGXOHFRRUGLQDWLRQSDVVHQJHUVRQO\KDYHWRZDLWIRUWKHDUULYHGYHKLFOHDWWKHILUVW
VHFWLRQRIWKHLUSDWKDQGWKH\FRXOGPDNHDUHODWLYHO\VPRRWKWUDQVIHULQWKHVHTXHQFHRIWKHLUSDWK7KH
FRUUHVSRQGLQJERDUGLQJGHPDQGRQOLQN ݏ LV   
      ܳ௦ ൌ  ?  ? ௣݂௪௣௪ ߦ௦௣௪                                                              
ZKHUH ௣݂௪ LVIORZRQSDWK ݌ EHWZHHQ2'SDLU ݓ ZLWKRXWUHURXWLQJ1RWHWKDW ߦ௦௣௪ ൌ  ? LIOLQN ݏ LVWKH
ILUVWVHFWLRQRISDWK ݌ EHWZHHQ2'SDLU ݓ2WKHUZLVH ߦ௦௣௪ ൌ  ?  
7RWDOV\VWHPFRVW 
)ROORZLQJ:XHWDOWKHOLQHVSHFLILFRSHUDWLRQFRVWLVWKHSURGXFWRIUHTXLUHGIOHHWVL]H ௞ܶ ݄௞ ? 
RQOLQH ݇ DQGWKHXQLWRSHUDWLRQFRVW6XPPLQJXSWKHOLQHVSHFLILFRSHUDWLRQFRVW\LHOGVWKHWRWDORSHUDWLRQ
FRVWDV  
   ܥ௢ ൌ  ? ஻்ೖ௛ೖ௞                                                                     
 7KHQV\VWHPWRWDOFRVWLVWKHVXPPDWLRQRIXVHUFRVWDQGRSHUDWLRQFRVWWKDWLV 
   ܥ ൌ ܥ௦ ൅ ܥ௖ ൅ ܥ௙ ൅ ܥ௚ ൅ ܥூ ൅ ܥ௪ ൅ ܥ௢                                              
&RVWIRUPXODWLRQIRUFRRUGLQDWHGRSHUDWLRQZLWKUHURXWLQJ 
0RGHORISDVVHQJHUUHURXWLQJEHKDYLRXU 
,QWKLVVHFWLRQZHLQWURGXFHSDVVHQJHUUHURXWLQJEHKDYLRXUZKHUHWUDQVIHUSDVVHQJHUVPRGLI\WKHLUURXWH
LQ WKH HYHQW RI PLVVHG FRQQHFWLRQ :H DQDO\]H WKH HIIHFW RI UHURXWLQJ EHKDYLRXU RQ WKH QHWZRUN IORZ
SUHVHQWDWLRQPRUHVSHFLILFDOO\WKHIRUPXODWLRQVRIWUDQVIHUDQGWKURXJKGHPDQG7KHURXWHFKRLFHGHFLVLRQ
GXULQJ WKH HQWLUH MRXUQH\ FRXOG EH GLYLGHG LQWR WZR SKDVHV QDPHO\ SUHWULS DQG RQWULS$ FXVWRPDU\
DSSURDFKWRGHVFULEHWKHSDVVHQJHUURXWHFKRLFHLVXVHUHTXLOLEULXPRUWUDQVLWDVVLJQPHQWHJ<XHWDO
 3DUWR HW DO  6]HWR DQG -LDQJ  +RZHYHU DIWHU DQ LPSOHPHQWDWLRQ RI EXV VFKHGXOH
FRRUGLQDWLRQVFKHPHWKHQHWZRUNIORZFRXOGQRWDFKLHYHDQHTXLOLEULXPVWDWHLQWKHSUHVHQFHRILQKHUHQW
WUDQVIHUXQUHOLDELOLW\DQGWKHUHVXOWLQJUHURXWLQJEHKDYLRXUKHQFHLWLVSUREOHPDWLFWRWDNHWKHHTXLOLEULXP
EDVHGLQGH[HVIRUGHPDQGUHSUHVHQWDWLRQLQWKHFRQWH[WRIVFKHGXOHFRRUGLQDWLRQZLWKFRQQHFWLRQXQFHUWDLQW\
$VVXFKWKHUHVXOWVRIXVHUHTXLOLEULXPRUWUDQVLWDVVLJQPHQWPRGHOVRQO\UHSUHVHQWWKHSUHWULSURXWHFKRLFH 
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O
1st transfer
2nd transfer
3rd transfer
D
Link 1
Link 2
Link 3
 
)LJ,OOXVWUDWLRQRIVWRFKDVWLFUHURXWLQJSURFHVV 
:KHWKHUDSDVVHQJHUZLOONHHSKHURULJLQDOO\SODQQHGSDWKRQFHHQFRXQWHULQJDPLVVHGFRQQHFWLRQLVD
VWRFKDVWLFSURFHVV$VVXPLQJ WKDW DSDVVHQJHUZRXOGQRWPRGLI\ WKHLU WUDQVIHUV IRUPRUH WKDQ WZLFH WKH
URXWHVHDUFKLQJ SURFHVV IRU D SDVVHQJHU WUDYHOLQJ LV LOOXVWUDWHG LQ )LJ 7KH VROLG OLQH UHSUHVHQWV WKH
RULJLQDOO\SODQQHGSDWKPDGHDWWKHSUHWULSVWDJHZKLOHWKHGDVKHGOLQHVUHSUHVHQWVWKHHQURXWHDOWHUQDWLYH
SDWKV7KHVWRFKDVWLFHIIHFWWKDWWKHJLYHQSDVVHQJHUPRGLILHVWKHSDWKZKHQVKHHQFRXQWHUVDWUDQVIHUFDQEH
UHSUHVHQWHGE\DSUREDELOLW\,IWKHJLYHQSDVVHQJHUPRGLILHVWKHSDWKVKHNHHSVWKLVSDWKXQWLOUHDFKLQJWKH
GHVWLQDWLRQ7KHLQGLYLGXDOURXWHVHDUFKLQJSURFHVVFDQEHUHJDUGHGDVDVWRFKDVWLFSURFHVV,QWKHFXUUHQW
SUREOHPFRQVLGHUWKHWULSFKDLQRIDJLYHQSDVVHQJHUWKHVWDWHYDULDEOHLVZKHWKHUWKHJLYHQSDVVHQJHULV
VWLFNWRWKHRULJLQDOO\SODQQHGSDWKZKLOHWKHLQLWLDOVWDWHRIWKHJLYHQSDVVHQJHULVWKHRULJLQDOO\SODQQHG
SDWKDWWKHSUHWULSVWDWH7KHSUREDELOLW\RIDVWDWHLVUHODWHGWRWKHWUDQVIHUIDLOXUHUDWHDQGVZLWFKLQJUDWHDV
ZLOOEHGHULYHGEHORZ 
7KH PLFURVFRSLF VWRFKDVWLF UHURXWLQJ EHKDYLRXU LV OLNHO\ WR KDYH DQ LPSDFW RQ WKH QHWZRUN IORZ
GLVWULEXWLRQDQGUHTXLUHVPRGLILFDWLRQVZKHQDSSO\LQJWUDGLWLRQDOPRGHOV7RFDSWXUHWKHHIIHFWRIWUDYHOOHUV¶
GHFLVLRQDORQJWKHWULSFKDLQVRQWKHQHWZRUNIORZGLVWULEXWLRQDWZRSKDVHDOJRULWKPLVSURSRVHGWRFRQYHUW
WKH LQGLYLGXDOVWRFKDVWLFSURFHVV LQWR WKHDJJUHJDWH IORZVZDSV7KH LGHD LV WRSDUWLWLRQ WKHURXWHFKRLFH
SUREOHPLQWRIORZJHQHUDWLRQDQGUHGLVWULEXWLRQVXESUREOHPVWKDWDUHVROYHGVHTXHQWLDOO\ZKHUHWKHUHVXOWV
IRURQHDUHGDWDLQSXWVIRU WKHQH[W ,QWKHILUVWSKDVHDOOXVHUVLQWKHV\VWHPPDNHSUHWULSURXWHFKRLFH
GHFLVLRQVDQGJHQHUDWHWKHRULJLQDOVHFWLRQEDVHGSDWKIORZ ௣݂௪ DQGOLQHEDVHGSDWKIORZ ሶ݂௣௪ZKLFKFRXOG
EHVROYHGE\WKHWUDQVLWDVVLJQPHQWVXEPRGHOVHHODWHULQ6HFWLRQ,QWKHVHFRQGSKDVHDURXWHFKRLFH
RSWLRQLVSUHVHQWHGWRSDVVHQJHUVZKLFKFDQOHDGWRIORZVZDSV$FFRUGLQJO\ WKHRULJLQDOQHWZRUNIORZV
VKRXOGWREHUHGLVWULEXWHG)LJLOOXVWUDWHVWKHXQLILHGIUDPHZRUNIRUKRZRULJLQDOQHWZRUNIORZSURFHVV
DFURVVGLIIHUHQWPRGHOFRPSRQHQWVLQZKLFKIORZFRQVHUYDWLRQVKRXOGEHHQVXUHGLQWKHUHGLVWULEXWLRQ 
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)LJ)ORZUHGLVWULEXWLRQIUDPHZRUN 
*LYHQWKHRULJLQDOSDWKIORZWKHDGDSWLYHSDWKIORZUHURXWLQJGHPDQGFDQEHREWDLQHGE\WKHXWLOLW\
GLIIHUHQFHVEHWZHHQDWWUDFWLYHURXWHV6XEVHTXHQWO\ZLWKWKHSULQFLSOHRIIORZFRQVHUYDWLRQ WKHDGDSWLYH
IORZFDQEHFDOFXODWHGEDVHGRQWKHRULJLQDOSDWKIORZPLQXVQRQDGDSWLYHSDWKIORZ$VDUHVXOWWKHDFWXDO
SDWKIORZDQGUHVXOWLQJH[SHFWHGQHWZRUNIORZVDUHDOVRNQRZQE\DGGLQJXSWKHQRQDGDSWLYHDQGDGDSWLYH
IORZIRURYHUODSSLQJVHFWLRQV  
8 9
1
4
7
5
Line 2
Line 3
Line 1
3
2 6
30
25
5
30
20
10
 
)LJ,OOXVWUDWLRQRIIORZUHGLVWULEXWLRQ 
7RLOOXVWUDWHWKHIORZUHGLVWULEXWLRQZHVKRZLQ)LJVXSSRVHWKHUHDUHWZR2'SDLUV՜DQG՜
HDFKRIZKLFKKDVDQ2'GHPDQGRI7KHLUGRPLQDQWRUVKRUWHVWSDWKVDUHGHQRWHGE\VROLGOLQHV/HW
XVDVVXPHWKDWDGDSWLYHSDWKIORZVDUHDQGUHVSHFWLYHO\DVVKRZQE\GDVKHGOLQHV2QDGGLQJXSWKH
QRQDGDSWLYHIORZDQGDGDSWLYHIORZRQVSHFLILFOLQNVWKHH[SHFWHGOLQNIORZVIRUDQGDUH 
DQG $VWKHRULJLQDOOLQNIORZVDUHERWKZHFDQFRQFOXGHWKDWWKHUHGLVWULEXWHGOLQN
IORZVFRXOGEHHLWKHUVPDOOHURUODUJHUWKDQWKHRULJLQDORQHV$VDUHVXOWWKHQHWZRUNZLGHWUDQVIHUGHPDQG
DQG WKURXJK GHPDQG VKRXOG EH UHRUJDQL]HG DFFRUGLQJO\ 6LQFH WKH SUHFHGLQJ WUDYHO SDWK DQG IROORZLQJ
DOWHUQDWLYHSDWKPD\VKDUHWKHVDPHEXVOLQHDWDWUDQVIHUVWDWLRQWKHUHURXWLQJEHKDYLRXUZRXOGOHDGWRDQ
LQFUHDVHRIWKURXJKGHPDQGDWWKHH[SHQVHRIUHGXFHGWUDQVIHUGHPDQGRIZKLFKWKHHIIHFWRQWKHVFKHGXOH
FRRUGLQDWLRQGHVLJQZLOOEHLQYHVWLJDWHGLQ6HFWLRQ 
7UDQVIHUIDLOXUHUDWH 
7KHKLJKHUPLVVHGFRQQHFWLRQSUREDELOLW\WKHJUHDWHUWKHSRVVLELOLW\RISDVVHQJHUVUHURXWH,QRUGHUWR
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FDOFXODWHWKHIORZVZDSVDWDWUDQVIHUQRGHWKHFRQFHSWRIWUDQVIHUIDLOXUHUDWHLVJLYHQZKLFKUHIHUVWRWKH
SUREDELOLW\RIHYHQWVZKHUHDWOHDVWRQHSDVVHQJHUPLVVHVWKHVFKHGXOHGWUDQVIHUEXVDQGKDYHWRZDLWIRUWKH
QH[WEXV 
%\ GHILQLWLRQ WKH WUDQVIHU IDLOXUH UDWH UHVWV ZLWK WKH GHOD\HG DUULYDO GLVWULEXWLRQ DQG KRZ VHUYLFH
KHDGZD\VDQGVODFNWLPHVDUHFRQILJXUHG0RUHVSHFLILFDOO\WKHWUDQVIHUIDLOXUHUDWH ௠ܲ௞௞ᇲ DWVSHFLILFWUDQVIHU
VWDWLRQFDQEHSURYLGHGDVIROORZVDQGWKHGHWDLOHGGHULYDWLRQLVSURYLGHGLQ$SSHQGL[ 
 ௠ܲ௞௞ᇲ ൌ ׬ ׬ ݂ሺ݀௠௞ሻ݂ሺ݀௠௞ᇲሻ௦೘ೖᇲ଴௛ೖ௦೘ೖ ݀݀௠௞݀݀௠௞ᇲ ൅ ׬ ׬ ݂ሺ݀௠௞ሻ݂ሺ݀௠௞ᇲሻௗ೘ೖି௦೘ೖା௦೘ೖᇲ௦೘ೖᇲ௛ೖ௦೘ೖ ݀݀௠௞݀݀௠௞ᇲ   
7UDQVIHUDQGWKURXJKGHPDQGDIWHUIORZUHGLVWULEXWLRQ 
$VLPSOLHGSUHYLRXVO\SDVVHQJHUUHURXWLQJZRXOGFKDQJHWUDQVIHUGHPDQGDQGWKURXJKGHPDQGDWWKH
WUDQVIHUKXE7KHUHIRUHFRPSDUHGWRWKHPRGHOZLWKRXWUHURXWLQJWKHV\VWHPFRVWVZLWKUHURXWLQJFRQWDLQV
IRXUGLIIHUHQWFRPSRQHQWVLQGXFHGVODFNWLPHFRVWWKHPLVVHGFRQQHFWLRQFRVWGHOD\HGFRQQHFWLRQFRVWDQG
WUDQVIHUZDLWLQJWLPHFRVWXQGHULQWHJHUUDWLRKHDGZD\V 
1RZZHGLVFXVVWKHIRUPXODWLRQVRIWUDQVIHUDQGWKURXJKGHPDQGDIWHUIORZUHGLVWULEXWLRQSURYLGHGWKDW
WKHRULJLQDOOLQHEDVHGSDWKIORZ ሶ݂௣௪ LVDYDLODEOH7RWKLVHQGZHLQWURGXFHWZRQHZVHWRIYDULDEOHV መ݂௣௡௪ ሚ݂௣ҧ௡௪  WR UHFRUG WKHQXPEHU RI SDVVHQJHUVZKR VWLFN WRSDWK ݌ DQG XVH WKH DOWHUQDWLYHSDWK ݌ҧ XQGHU ݊WK
WUDQVIHU UHVSHFWLYHO\7KH LGHD EHKLQG WKLV LV WKDW WKH RULJLQDO SDWK IORZ ZRXOG EH URXWHG LQWR GLIIHUHQW
DFFHSWDEOHSDWKVDQGWKXVGLVFRXQWHGRQFHXQGHUJRLQJRQHWUDQVIHU 
0RGLI\LQJ(TJLYHVWKHIROORZLQJWUDQVIHUGHPDQGIRUPLVVHGFRQQHFWLRQZLWKUHURXWLQJEHKDYLRXU
DV 
  ܳ௠௞௞ᇲ ൌ  ?  ?  ? መ݂௣௡௪ ܾ௞௣ܾ௞ᇲ௣߬௠௞௞ᇲ ൅  ?  ?  ? ሚ݂௣ҧ௡௪ ܾ௞௣ҧܾ௞ᇲ௣ҧ߬௠௞௞ᇲ௡௣ҧ௪௡௣௪                             
ZKHUHWKHILUVWWHUPGHQRWHVWKHQRQDGDSWLYHIORZDQGWKHVHFRQGWHUPGHQRWHVWKHDGDSWLYHIORZIURPRWKHU
SDWKV1RWH WKDWERWKSDWK ݌ DQG ݌ҧ WUDYHUVHEHWZHHQ OLQH ݇ DQG OLQH ݇ᇱ7KHXQGHUO\LQJDVVXPSWLRQ LV
WKDWWKHJURXSRIVZDSSLQJSDVVHQJHUVZRXOGXSGDWHWKHLUURXWHRQFHDWPRVW  
7KHVZDSSLQJGHPDQGVWHPVIURPWZRGHWHUPLQDQWV$WKHIUHTXHQF\RIFRQQHFWLRQIDLOXUHVQDPHO\
WKHKLJKHUIDLOXUHIUHTXHQF\ WKHKLJKHU OLNHOLKRRGRISDVVHQJHUUHURXWLQJ7KLV LVEHFDXVHHDFKUHURXWLQJ
GHFLVLRQ LV WULJJHUHG E\ PLVVHG FRQQHFWLRQ % WKH VZLWFKLQJ UDWH XQGHU FRQQHFWLRQ IDLOXUH ZKLFK LV
FDOFXODWHGDVWKHGLVXWLOLW\GLIIHUHQFHEHWZHHQWKHDFFHSWDEOHSDWKV$VRQHPD\VHHODWHULQWKLVVHFWLRQ
6LQFH SDVVHQJHUV PD\ FRPSOHWH WKHLU WUDYHO XVLQJ PXOWLSOH EXV OLQHV WKH RULJLQDO SDWK IORZ VKRXOG EH
GLVFRXQWHGRQFHXQGHUJRLQJDWUDQVIHUVWDWLRQ  
3URSRVLWLRQ*LYHQWKHWUDQVIHUIDLOXUHUDWHDQGVZLWFKLQJUDWHDWWKHGHVLJQDWHGVWRSWKHH[SHFWHGQRQ
DGDSWLYHIORZRISDWK ݌ EHWZHHQ2'SDLU ݓ XQGHU ݊WKWUDQVIHUFDQEHFRPSXWHGDVIROORZV  
       መ݂௣௡௪ ൌ ሶ݂௣௪  ? ൫ ? െܲݎ௣௝௪ ܲܿ௣௝௪ ൯௡௝ୀଵ                                                
ZKHUH ܲݎ௣௝௪  DQG ܲܿ௣௝௪  DUH WKH VZLWFKLQJ UDWH DQG WUDQVIHU IDLOXUH UDWH DW ݆WK WUDQVIHU VWDWLRQ RQ SDWK ݌
EHWZHHQ2'SDLU ݓUHVSHFWLYHO\ 
3URRI6LQFHUHURXWLQJEHKDYLRXURQO\RFFXUVLQFDVHRIPLVVHGFRQQHFWLRQWKHH[SHFWHGUHURXWLQJIORZLV
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JLYHQE\WKHRULJLQDOIORZPXOWLSOLHGZLWKWKHUHVSHFWLYHWUDQVIHUIDLOXUHUDWHDQGVZLWFKLQJUDWH:LWKWKH
FRQVHUYDWLRQRIIORZVWKHH[SHFWHGQRQDGDSWLYHIORZIRUSDWK ݌ EHWZHHQ2'SDLU ݓ DIWHUXQGHUJRLQJWKH
ILUVWWUDQVIHULVWKHGLIIHUHQFHEHWZHHQWKHRULJLQDOSUHWULSIORZDQGWKHUHURXWLQJIORZWKDWLV 
  መ݂௣ଵ௪ ൌ ሶ݂௣௪ െ ሶ݂௣௪ܲݎ௣ଵ௪ ܲܿ௣ଵ௪ ൌ ሶ݂௣௪൫ ? െܲݎ௣ଵ௪ ܲܿ௣ଵ௪ ൯ 
  6LPLODUO\ WKH H[SHFWHG QRQDGDSWLYH IORZ DIWHU XQGHUJRLQJ WKH VHFRQG WUDQVIHU FDQ EH FDOFXODWHG DV
IROORZV  
  መ݂௣ଶ௪ ൌ መ݂௣ଵ௪ െ መ݂௣ଵ௪ ܲݎ௣ଶ௪ ܲܿ௣ଶ௪ ൌ ሶ݂௣௪൫ ? െܲݎ௣ଵ௪ ܲܿ௣ଵ௪ ൯൫ ? െܲݎ௣ଶ௪ ܲܿ௣ଶ௪ ൯ 
  ,QWKLVYHLQLWLVQRWGLIILFXOWWRFRQFOXGHWKDWWKHH[SHFWHGQRQDGDSWLYHIORZRISDWK ݌ XQGHU ݊WKWUDQVIHU
FRXOGWDNHWKHIROORZLQJLWHUDWLYHIRUPV 
  መ݂௣௡௪ ൌ ሶ݂௣௪  ? ൫ ? െܲݎ௣௝௪ ܲܿ௣௝௪ ൯௡௝ୀଵ  
4(' 
3URSRVLWLRQ%DVHGRQWKHURXWLQJGHPDQGFRQVHUYDWLRQFRQVWUDLQWV WKHH[SHFWHGDGDSWLYHIORZRI WKH
DOWHUQDWLYHSDWK ݌ҧ XQGHU ݊WKWUDQVIHULVJLYHQDVIROORZV  
       ሚ݂௣ҧ௡௪ ൌ ቊ ሶ݂௣௪ܲݎ௣௡௪ ܲܿ௣௡௪ ǡ                                           ݂݋ݎ ݊ ൌ  ?ሶ݂௣௪  ? ൫ ? െܲݎ௣௝௪ ܲܿ௣௝௪ ൯ܲݎ௣௡௪ ܲܿ௣௝௪௡ିଵ௝ୀଵ ǡ   ݂݋ݎ ݊ ൐  ?                          
3URRI :KHQ ݊ ൌ  ? WKH H[SHFWHG DGDSWLYH IORZ RI WKH DOWHUQDWLYH SDWK ݌ҧ LV VLPSO\ WKH RULJLQDO IORZ
PXOWLSOLHGE\WKHWUDQVIHUIDLOXUHUDWHDQGVZLWFKLQJUDWHLH 
      ሚ݂௣ҧ௡௪ ൌ ሶ݂௣௪ܲݎ௣௡௪ ܲܿ௣௡௪                                                           
:KHQ ݊ ൐  ? DFFRUGLQJ WR 3URSRVLWLRQ  WKH H[SHFWHG LQFRPLQJ IORZ RI SDWK ݌ EHIRUH XQGHUJRLQJሺ݊ െ  ?ሻWKWUDQVIHULV  
      መ݂௣ǡ௡ିଵ௪ ൌ ሶ݂௣௪  ? ൫ ? െܲݎ௣௝௪ ܲܿ௣௝௪ ൯௡ିଵ௝ୀଵ  
7KH FRQVHUYDWLRQ RI IORZV UHTXLUHV WKDW WKH UHURXWLQJ IORZ WR DOWHUQDWLYH SDWK LV WKH GLIIHUHQFH RI
LQFRPLQJIORZVEHWZHHQ ሺ݊ െ  ?ሻWKDQG ݊WKWUDQVIHURQRULJLQDOSDWKWKDWLV 
     ሚ݂௣ҧ௡௪ ൌ መ݂௣ǡ௡ିଵ௪ െ መ݂௣௡௪ ൌ ሶ݂௣௪  ? ൫ ? െܲݎ௣௝௪ ܲܿ௣௝௪ ൯௡ିଵ௝ୀଵ െ መ݂௣௡௪ ൌ ሶ݂௣௪  ? ൫ ? െܲݎ௣௝௪ ܲܿ௣௝௪ ൯ܲݎ௣௡௪ ܲܿ௣௝௪௡ିଵ௝ୀଵ            
  7DNHQWRJHWKHUWKHH[SHFWHGDGDSWLYHIORZRIWKHDOWHUQDWLYHSDWK ݌ҧ XQGHU ݊WKWUDQVIHULVH[SUHVVHGDV
IROORZV  
     ሚ݂௣ҧ௡௪ ൌ ቊ ሶ݂௣௪ܲݎ௣௡௪ ܲܿ௣௡௪ ǡ                                          ݂݋ݎ ݊ ൌ  ?ሶ݂௣௪  ? ൫ ? െܲݎ௣௝௪ ܲܿ௣௝௪ ൯ܲݎ௣௡௪ ܲܿ௣௝௪௡ିଵ௝ୀଵ ǡ   ݂݋ݎ  ݊ ൐  ?       
4(' 
   7KHWUDQVIHUIDLOXUHUDWHDW ݆WKWUDQVIHUVWDWLRQRQSDWK ݌ EHIRUHUHDFKLQJWKHGHVWLQDWLRQFDQEHJLYHQE\ 
       ܲܿ௣௝௪ ൌ ௠ܲ௞௞ᇲܾ௞௣ܾ௞ᇲ௣߬௠௞௞ᇲ߰௣௝௠                                                      
ZKHUH ௠ܲ௞௞ᇲ GHQRWHVWKHWUDQVIHUIDLOXUHUDWHIURPOLQH ݇ WR ݇ᇱ DWWUDQVIHUQRGH ݉ ߰௣௝௠ ൌ  ? LIQRGH ݉
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LVWKH ݆WKWUDQVIHUVWDWLRQRQSDWK ݌ EHWZHHQ2'SDLU ݓDQGRWKHUZLVH 
7R UHIOHFW WKH UHURXWLQJ GHFLVLRQ ZH DVVXPH WKDW LQ FDVH RI PLVVHG FRQQHFWLRQ SDVVHQJHUV ZRXOG
FRPSDUHWUDYHOFRVWRIWKHDOWHUQDWLYHSDWKWRWKDWRIWKHFXUUHQWO\XVHGSDWKDFFRUGLQJWRWKHLUSHUFHSWLRQVWR
GHFLGHZKHWKHUWRVZLWFKWRDQRWKHUDOWHUQDWLYHZKLFKOHDGVWRDVZLWFKLQJUDWH  
7KHVZLWFKLQJUDWHFDQEHHVWLPDWHGGHWHUPLQLVWLFDOO\RUVWRFKDVWLFDOO\)RUWKHGHWHUPLQLVWLFFDVHWKH
FKRLFHFRXOGEHPRGHOOLQJEDVHGRQWKHWUDYHO WLPHGLIIHUHQFHDFURVVDOWHUQDWLYHURXWHV,QWKHVWRFKDVWLF
YHUVLRQ RI WKH DOWHUQDWLYH URXWH VHOHFWLRQ SUREOHP WUDYHOOHUV PD\ SHUFHLYH WKH WUDYHO WLPH GLIIHUHQWO\
$VVXPLQJ WKDW WKHSHUFHSWLRQ HUURUV DUH UDQGRP LQGHSHQGHQW DQG LGHQWLFDOO\GLVWULEXWHG LLG YDULDEOHV
IROORZLQJD*XPEHOGLVWULEXWLRQDPXOWLQRPLDOORJLWPRGHOFDQEHXVHGWRHVWLPDWHWKHVZLWFKLQJUDWHXQGHU
FRQQHFWLRQIDLOXUHZKLFKLVGHILQHGDVWKHUDWLREHWZHHQWKHGLVXWLOLWLHVRIWKHDFFHSWDEOHGRZQVWUHDPSDWKV
1RWH WKDW YDULRXV DVVXPSWLRQV FRXOG EH PDGH WR PRGHO WKH VZLWFK UXOH DQG WKH H[WHQVLRQ ZRXOG EH
VWUDLJKWIRUZDUG 
      ܲݎ௣௝௪ ൌ ୣ୶୮൫ିఏ௎೛ഥೕೢ൯ୣ୶୮ቀିఏ௎೛ೕೢቁାୣ୶୮ቀିఏ௎೛ഥೕೢቁ                                                     
ZKHUH ߠ LVWKHGHJUHHRISDVVHQJHUV¶SHUFHSWLRQRIWKHSDWKWUDYHOWLPH 
)RUVDNHRISDUVLPRQ\WKHWUDYHOGLVXWLOLW\LVPHDVXUHGLQJHQHUDOL]HGWLPHXQLWV/HWXVGHQRWHE\ ܴ௣௝௪ 
DQG ܴ௣ҧ௝௪  WKHVHWRIQH[WSDWKHOHPHQWVOLQNVRUQRGHVVWDUWLQJIURP ݆WKWUDQVIHUVWDWLRQRQSDWK ݌ EHWZHHQ
2' SDLU ݓ 7KHUH DUH WZR SRVVLELOLWLHV IRU WKH DOWHUQDWLYH SDWK $ WKH DOWHUQDWLYH SDWK DQG RULJLQDOO\
SODQQHGSDWKVKDUHWKHVDPHEXVOLQHDVLOOXVWUDWHGLQ)LJDQGSDVVHQJHUVRQO\QHHGWRVWD\RQERDUGIRUD
KROGLQJWLPHDWWKHWUDQVIHUVWDWLRQ%SDVVHQJHUVWDNHWKHRWKHUV\QFKURQL]HGEXVOLQHDVDQDOWHUQDWLYH
1RWH WKDW IRU D ODUJHVFDOH QHWZRUN D WUDQVIHU KXE PD\ LQYROYH ZLWK D FOXVWHU RI DWWUDFWLYH URXWHV IRU
WUDQVIHUULQJ SDVVHQJHUV WR FKRRVH IURP 8QGHU VXFK FLUFXPVWDQFH WKH VHW RI DOWHUQDWLYH URXWHV FDQ EH
JHQHUDWHGE\NVKRUWHVWSDWKDOJRULWKPZLWKOLPLWLQJWUDQVIHUVIRULQVWDQFHWKHWRWDOWUDQVIHUWLPHVFDQQRWEH
PRUH WKDQ WZLFH7KHUHIRUH WKHGRZQVWUHDP WUDYHO WLPH IRU GHVLJQDWHG DOWHUQDWLYH URXWH LV H[SUHVVHG DV
IROORZV  
 ܷ௣ҧ௝௪ ൌ  ? ݐ௞௞אோ೛ഥೕೢ ൅  ?  ? ൫ ௖ܶ௞௞ᇲ ൅ ௙ܶ௞௞ᇲ ൅ ܼ௠௞௞ᇲ൯ܾ௞௣ҧ௞ᇲאோ೛ഥೕೢ௞אோ೛ഥೕೢ ܾ௞ᇲ௣ҧ߬௠௞௞ᇲ                                                                       
2QWKHRWKHUKDQGSDVVHQJHUVZKRVWLFNWRFXUUHQWO\XVHGSDWKKDYHWRZDLWIRUWKHQH[WEXVWKXVWKH
GRZQVWUHDPWUDYHOWLPHDOVRDFFRXQWIRUWKHH[WUDGHOD\WLPH7KLVFDQEHHVWLPDWHGDVWKHGHSDUWXUHKHDGZD\݄௅೛ೕೢ ZKHUH OLQN ܮ௣௝௪  UHSUHVHQWV WKH OLQN LPPHGLDWHO\ FRQQHFWHG WR WKH ݆WK WUDQVIHU VWDWLRQ RQ SDWK ݌
EHWZHHQ2'SDLU ݓ$VDUHVXOWWKHGRZQVWUHDPWUDYHOWLPHIRUWKHRULJLQDOO\SODQQHGURXWHLVREWDLQHG
VLPLODUO\DVIRU(TE\DGGLQJWKHH[WUDZDLWLQJWLPHLH  
      ܷ௣௝௪ ൌ  ? ݐ௞ ൅௞אோ೛ೕೢ  ?  ? ൫ ௖ܶ௞௞ᇲ ൅ ௙ܶ௞௞ᇲ ൅ ܼ௠௞௞ᇲ൯ܾ௞௣ܾ௞ᇲ௣௞ᇲאோ೛ೕೢ௞אோ೛ೕೢ ߬௠௞௞ᇲ ൅ ݄௅೛ೕೢ                                                            
   1RZZHGHULYHWKHIRUPXODWLRQVRIWUDQVIHUGHPDQGIRUGHOD\FRQQHFWLRQWDNLQJLQWRDFFRXQWERWKWKH
QRQDGDSWLYHDQGDGDSWLYHSDWKIORZ'LIIHUHQWWRWKHVFHQDULRIRUPLVVHGFRQQHFWLRQIRUGHOD\FRQQHFWLRQ
VFHQDULRWKHEXVVHUYLFHRQFRQQHFWHGOLQNVDUHFRRUGLQDWHGVXFFHVVIXOO\DQGSDVVHQJHUVZRXOGVWLFNWRWKHLU
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FXUUHQWSDWKVXFKWKDWWKHQRQDGDSWLYHIORZLVLGHQWLFDOWRWKHLQFRPLQJIORZEHIRUHWUDQVIHU 
   %\DPRGLILFDWLRQRI(TWRFRQVLGHUWKHUHURXWLQJEHKDYLRXUZHKDYHWKHIROORZLQJIRUPXODWLRQRI
WUDQVIHUGHPDQGIRUGHOD\FRQQHFWLRQ 
     ܳݐ௠௞௞ᇲ ൌ  ?  ?  ? Ԧ݂௣௡௪ ܾ௞௣ܾ௞ᇲ௣߬௠௞௞ᇲ௡௣௪ ൅  ?  ?  ? ሚ݂௣ҧ௡௪ ܾ௞௣ҧܾ௞ᇲ௣ҧ߬௠௞௞ᇲ௡௣ҧ௪                            
ZKHUHWKHILUVWWHUPVWDQGVIRUWKHWRWDOLQFRPLQJIORZWUDYHUVLQJIURPOLQH ݇ WROLQH ݇ᇱDQGWKHVHFRQG
WHUPVWDQGVIRUDGDSWLYHIORZIURPRWKHUSDWKVWKDWLVLGHQWLFDOWRWKDWRI(T 
3URSRVLWLRQ 6LQFHSDVVHQJHUV WUDYHOOLQJ DORQJ DSDWKPD\ H[SHULHQFH D IHZ WUDQVIHU DFWLYLWLHV EHIRUH
UHDFKLQJ WKH FXUUHQW WUDQVIHU VWDWLRQ WKH H[SHFWHG LQFRPLQJ IORZ URXWLQJ LQWR D VSHFLILF WUDQVIHU VWDWLRQ
VKRXOGDFFRXQWIRUWKHORVVIORZE\UHURXWLQJHIIHFWDWSUHFHGLQJWUDQVIHUVWDWLRQV$VDUHVXOWWKHH[SHFWHG
LQFRPLQJIORZHQWHULQJ ݊WKWUDQVIHUVWDWLRQRISDWK ݌ EHWZHHQ2'SDLU ݓFDQEHFRPSXWHGDVIROORZV  
     Ԧ݂௣௡௪ ൌ ቊ ሶ݂௣௪ ǡ                                           ݂݋ݎ  ݊ ൌ  ?ሶ݂௣௪  ? ൫ ? െܲݎ௣௝௪ ܲܿ௣௝௪ ൯ǡ   ݂݋ݎ  ݊ ൐  ?௡ିଵ௝ୀଵ                                        
 
3URRI:KHQ ݊ ൌ  ?WKHLQFRPLQJIORZRISDWK ݌ EHWZHHQ2'SDLU ݓ FDQEHVLPSO\UHSUHVHQWHGE\WKH
RULJLQDOIORZWKDWLV 
 Ԧ݂௣ଵ௪ ൌ ሶ݂௣௪ 
 )RUSDWK ݌ EHWZHHQ2'SDLU ݓWKHH[SHFWHGIORZEHIRUHXQGHUJRLQJWKHVHFRQGWUDQVIHULVLGHQWLFDOWR
WKHH[SHFWHGIORZDIWHUXQGHUJRLQJWKHILUVWWUDQVIHU:LWKWKHSULQFLSOHRIFRQVHUYDWLRQRIIORZVWKHH[SHFWHG
IORZDIWHUXQGHUJRLQJWKHILUVWWUDQVIHUVKRXOGEHWKHGLIIHUHQFHEHWZHHQWKHH[SHFWHGIORZDQGWKHUHURXWLQJ
IORZ 
     Ԧ݂௣ଶ௪ ൌ Ԧ݂௣ଵ௪ െ Ԧ݂௣ଵ௪ ܲݎ௣ଵ௪ ܲܿ௣ଵ௪ ൌ Ԧ݂௣ଵ௪ ൫ ? െܲݎ௣ଵ௪ ܲܿ௣ଵ௪ ൯ ൌ ሶ݂௣௪൫ ? െܲݎ௣ଵ௪ ܲܿ௣ଵ௪ ൯ 
   6LPLODUO\ZKHQ ݊ ൌ  ?WKHH[SHFWHGIORZEHIRUHXQGHUJRLQJWKHWKLUGWUDQVIHULVHTXDOWRWKHH[SHFWHG
IORZDIWHUXQGHUJRLQJWKHVHFRQGWUDQVIHU 
     Ԧ݂௣ଷ௪ ൌ Ԧ݂௣ଶ௪ െ Ԧ݂௣ଶ௪ ܲݎ௣ଶ௪ ܲܿ௣ଶ௪ ൌ Ԧ݂௣ଶ௪ ൫ ? െܲݎ௣ଶ௪ ܲܿ௣ଶ௪ ൯ ൌ ሶ݂௣௪൫ ? െܲݎ௣ଵ௪ ܲܿ௣ଵ௪ ൯൫ ? െܲݎ௣ଶ௪ ܲܿ௣ଶ௪ ൯ 
   7KHUHIRUHWKHH[SHFWHGLQFRPLQJIORZIRU ݊WKWUDQVIHUFDQEHFDOFXODWHGDVIROORZV 
     Ԧ݂௣௡௪ ൌ ሶ݂௣௪  ? ൫ ? െܲݎ௣௝௪ ܲܿ௣௝௪ ൯௡ିଵ௝ୀଵ  
   7DNHQWRJHWKHUWKHH[SHFWHGLQFRPLQJIORZRISDWK ݌ EHWZHHQ2'SDLU ݓ XQGHU ݊WKWUDQVIHUFDQEH
H[SUHVVHGE\WKHIROORZLQJSLHFHZLVHIXQFWLRQ 
     Ԧ݂௣௡௪ ൌ ቊ ሶ݂௣௪ ǡ                                           ݂݋ݎ  ݊ ൌ  ?ሶ݂௣௪  ? ൫ ? െܲݎ௣௝௪ ܲܿ௣௝௪ ൯ǡ   ݂݋ݎ  ݊ ൐  ?௡ିଵ௝ୀଵ  
   4(' 
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   &RPELQLQJ(TZLWK(TZHKDYH 
      Ԧ݂௣௡௪ ൌ ௙ሚ೛ഥ೙ೢ௉௥೛೙ೢ௉௖೛೙ೢ                                                                 
6LPLODUO\ZLWK UHURXWLQJEHKDYLRXU WKH WKURXJKGHPDQGZLWK UHURXWLQJEHKDYLRXU WDNHV WKH IROORZLQJ
IRUP 
    ܳ௠௞ ൌ  ?  ?  ? Ԧ݂௣௡௪ ߮௞௠ܾ௞௣௡௣௪ ൅  ?  ?  ? ሚ݂௣ҧ௡௪ ߮௞௠ܾ௞௣ҧ௡௣ҧ௪                                    
  ,Q(TWKHILUVWWHUPVWDQGVIRUWKHWKURXJKGHPDQGRQWKHRULJLQDOSDWKDQGWKHVHFRQGWHUPVWDQGV
IRUWKHUHURXWLQJGHPDQGVZDSSLQJIURPRWKHUSDWKV 
([WHQVLRQWRPXOWLSOHWUDQVIHURSSRUWXQLWLHV 
In a transit network, during a trip, a rider could have multiple transfer opportunities and they may modify 
their choice of transfer point (thus path choice) multiple times (as shown in Fig.7). To capture this effect, 
the DGDSWLYHIORZRIWKHDOWHUQDWLYHSDWK ݌ҧ XQGHU ݊WKWUDQVIHU ሚ݂௣ҧ௡௪ VKRXOGEHUHGLVWULEXWHG,QWKLVVHQVH
WKHDGDSWLYHIORZ ሚ݂௣ҧ௡௪  FDQEHWUHDWHGDV³YLUWXDO´GRPDLQSDWKIORZDQGLVUHDVVLJQHGRQFHWKHSDVVHQJHUV
XQGHUJRLQJDWUDQVIHUSRLQW 
O
1st transfer
2nd transfer
3rd transfer
D
2nd transfer
3rd transfer 3rd transfer 3rd transfer
Link 1
Link 2
Link 3
 
)LJ,OOXVWUDWLRQRIVWRFKDVWLFUHURXWLQJSURFHVVZLWKPXOWLSOHWUDQVIHURSSRUWXQLWLHV 
1RZZHGLVFXVV WKHGHULYDWLRQ IRU ሚ݂௣ҧ௡௪ 7RGR VRZH LQWURGXFHD VHWRIYDULDEOHV መ݂௣ҧ௡௥௪  DQG ሚ݂௣ҧ௡௥௪  WR
UHSUHVHQWWKH ݎWKWUDQVIHUSRLQWRQWKHDOWHUQDWLYHSDWK ݌ҧ7KHQWKHIRUPXODWLRQVFRXOGEHREWDLQHGIROORZLQJ
SURSRVLWLRQ 
  መ݂௣ҧ௡௥௪ ൌ ሚ݂௣ҧ௡௪  ? ൫ ? െܲݎ௣ҧ௥௪ ܲܿ௣ҧ௥௪ ൯௡௥ୀଵ  
       
ሚ݂௣ҧ௡௥௪ ൌ ቊ ሚ݂௣ҧ௡௪ ܲݎ௣ҧ௥௪ ܲܿ௣ҧ௥௪ ǡ                                           ݂݋ݎ ݎ ൌ  ?ሚ݂௣ҧ௡௪  ? ൫ ? െܲݎ௣ҧ௝௪ ܲܿ௣ҧ௝௪ ൯ܲݎ௣ҧ௥௪ ܲܿ௣ҧ௝௪௥ିଵ௝ୀଵ ǡ   ݂݋ݎ  ݎ ൐  ?  
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ZKHUHWKHWUDQVIHUIDLOXUHUDWH ܲܿ௣ҧ௥௪  DQGVZLWFKLQJUDWH ܲݎ௣ҧ௥௪  FDQEHREWDLQHGIROORZLQJ(TVDQG 
$VZHFDQVHHWKHH[WHQVLRQLVVWUDLJKWIRUZDUGDQGWKXVWKHPRGHOLVVFDODEOH+RZHYHULQDUHDOVLWXDWLRQ
SDVVHQJHUVZRXOGJHQHUDOO\UHDFKWKHLUGHVWLQDWLRQVZLWKQRWKDQWKUHHWLPHVRIWUDQVIHUV<XHWDO;X
HWDOWKHUHIRUHLWLVUHDVRQDEOHWRDVVXPHWKDWSDVVHQJHUVZRXOGQRWPRGLI\WKHLUWUDQVIHUVIRUPRUH
WKDQWZLFH  
%LOHYHOIRUPXODWLRQRIWKHVFKHGXOHFRRUGLQDWLRQSUREOHP 
  7KHREMHFWLYHRIWKHSURSRVHGPRGHOLVWZRIROGRQHDLPVWRPLQLPL]HWKHV\VWHPDWLFWRWDOFRVWVLQFOXGLQJ
WKHXVHUFRVWDQGRSHUDWLRQFRVWZKLOHWKHRWKHUDLPVWRFDSWXUHWKHSDVVHQJHUV¶SUHWULSDQGRQWULSURXWH
FKRLFHEHKDYLRXU7KLVJLYHVULVHWRDPDVWHUVODYHSUREOHPSDVVHQJHUSDWKFKRLFHGHFLVLRQVDUHLQIOXHQFHG
E\VFKHGXOHFRRUGLQDWLRQVFKHPHVDQGVFKHGXOHFRRUGLQDWLRQLVGHSHQGHQWRQSDVVHQJHUGHPDQGV7KHUHIRUH
WKHSUREOHPFDQEHIRUPXODWHGDVDELOHYHOSURJUDPPLQJPRGHO7KHREMHFWLYHIXQFWLRQIRUWKHXSSHUOHYHO
RSWLPL]DWLRQLVWRILQGRXWWKHEXVVFKHGXOHFRRUGLQDWLRQVFKHPHPLQLPL]LQJWKHWRWDOFRVWV7KHRSWLPL]HG
FRRUGLQDWLRQVROXWLRQLVSDVVHGWRWKHORZHUOHYHOPRGHO%DVHGRQDJLYHQVFKHGXOHFRRUGLQDWLRQVFKHPH
WKHORZHUOHYHOPRGHOFDOFXODWHVWKHH[SHFWHGIORZSDWWHUQV7KHV\VWHPFRQYHUJHVZKHQLWPLQLPL]HVWKH
WRWDOFRVWV 
7KHIUDPHZRUNRIWKHSURSRVHGELOHYHOSURJUDPPLQJLVSUHVHQWHGLQ)LJ 
Bus headway optimization
Systematic total costs
Slack time allocation
Upper-level model
Pre-trip route choice
Bus headways Slack times
Total OD flows
Lower-level model
Link 
capacity
Passenger 
flow 
patterns
Bus schedule coordination scheme
On-trip route choice
 
)LJ7KHIUDPHZRUNRIWKHELOHYHOSURJUDP 
8SSHUOHYHOVFKHGXOHFRRUGLQDWLRQSUREOHP 
7KHXSSHUSUREOHPLVWRGHWHUPLQHWKHKHDGZD\V ݄௞ DQGVODFNWLPHV ݏ௠௞ WKDWPLQLPL]HWKHWRWDOFRVWV
,QWKLVVWXG\KHDGZD\VDUHRSWLPL]HGDVLQWHJHUPXOWLSOHVRIWKHEDVHF\FOH/HWWKHEDVHF\FOH ݕ EHORQJWR
DVHWFRQVLVWLQJRIVHYHUDOGLVFUHWHYDOXHVLH ݕ א ܻ ܻ ൌ ሼݕଵǡ ڮ ݕ௜ ǡ ڮ ݕூሽ6LPLODUWR.LPDQG6FKRQIHOG
IRUUHDOLVPZHDVVXPHWKDW ݕ LVVHOHFWHGDPRQJ^DQGPLQ`/HWߜ௜ GHQRWHDQLQGLFDWRUUHSUHVHQWLQJZKHWKHU ݕ௜ LVVHOHFWHGWKHQWKHRSWLPL]DWLRQSUREOHPFDQEHFRQYHUWHG
IURP H[SORULQJ RSWLPDO FRPELQDWLRQ RI ሺݕǡ ߚ௞ ǡ ݏ௠௞ሻ WR RSWLPDO FRPELQDWLRQ RI ሺ ௜ܾ ǡ ߚ௞ ǡ ݏ௠௞ሻ ?7KXV WKH
XSSHUOHYHOSUREOHPLVIRUPXODWHGLQWRDPL[HGLQWHJHUQRQOLQHDUSURJUDPPLQJPRGHODVIROORZV 
                              ݉݅݊ܥሺ ௜ܾ ǡ ߚ௞ ǡ ݏ௠௞ሻ                                      
VXEMHFWWR  
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                            ݄௞ ൌ ߚ௞  ? ݕ௜ ௜ܾூ௜ୀଵ                                   
                              ݄௞௠௜௡ ൑ ݄௞ ൑ ݄௞௠௜௡ ׊݇                              
                        ݄௞ א ܼା                                          
  ݕ௜ א ܻ                                            
 ௜ܾ א ሼ ?ǡ ?ሽ                                         
  ? ௜ܾ ൌ  ?ூ௜ୀଵ                                         
 ߚ௞ א ܼା ׊݇                                       
 ݏ௠௞ ൒  ? ׊݇ǡ ݉                                    
7KHREMHFWLRQIXQFWLRQPLQLPL]HVWKHV\VWHPWRWDOFRVWV(TJXDUDQWHHVWKDW WKH OLQHVSHFLILF
KHDGZD\VDUHLQWHJHUPXOWLSOHVRIWKHEDVHF\FOH(TVWDWHVWKDWWKHKHDGZD\VKRXOGUDQJHEHWZHHQD
PLQLPXPDQGDPD[LPXPDFFHSWDEOHKHDGZD\(TJXDUDQWHHVWKDWKHDGZD\VDUHLQWHJHUYDOXHV(T
UHSUHVHQWVWKDWWKHEDVHF\FOHLVFKRVHQIURPDVHWRIGLVFUHWHYDOXHV(TGHILQHV ௜ܾ DVELQDU\YDULDEOHV
LI ݕ௜ LVVHOHFWHGWKHQ ௜ܾ ൌ  ?RWKHUZLVH ௜ܾ ൌ  ?(TJXDUDQWHHVWKDWRQO\RQHHOHPHQWLQLQWKHVHWLV
VHOHFWHG(TJXDUDQWHHVWKDWWKHUDWLRVDUHSRVLWLYHLQWHJHUYDOXHV(TJXDUDQWHHVWKDWWKHVODFNWLPHV
VKRXOGEHSRVLWLYHYDOXHV 
/RZHUOHYHOSUREOHP 
7KH ORZHU OHYHO PRGHO LV XVHG WR GHVFULEH WKH SDVVHQJHUV¶ URXWH FKRLFH EHKDYLRXU XQGHU VFKHGXOH
FRRUGLQDWLRQHQYLURQPHQW,QWKHILUVWVWDJHDOOXVHUVLQWKHV\VWHPPDNHSUHWULSGHFLVLRQVLQDQDWWHPSWWR
PLQLPL]LQJWKHLUWUDYHOFRVWV7KLVFDQEHDOVRDSSUR[LPDWHGDVWKHHTXLOLEULXPVWDWH,QWKHVHFRQGVWDJH
WKHXVHULVFRQIURQWHGZLWKDPLVVHGFRQQHFWLRQXSRQWUDQVIHUDQGKHLVOHIWZLWKDGHFLVLRQZKHWKHUWRZDLW
XQWLOWKHQH[WEXVDUULYHVRUWRWDNHDGHWRXUURXWHDVDQDOWHUQDWLYH$VDUHVXOWWKHIORZSDWWHUQVVKRXOGEH
UHGLVWULEXWHGWRDFFRXQWIRUWKHFRQQHFWLRQXQFHUWDLQW\DQGUHURXWLQJHIIHFW$VSUHVHQWHGLQVHFWLRQ  
1RZZHGLVFXVVWKHFDOFXODWLRQRIIORZGLVWULEXWLRQLQWKHILUVWVWDJHPRUHVSHFLILFDOO\WKHRULJLQDOSDWK
IORZ ௣݂௪6LQFHEXVOLQHKHDGZD\VDUHGHFLVLRQYDULDEOHVLQWKHRSWLPL]DWLRQPRGHOLWLVQDWXUDOWRPRGHO
WKHIORZGLVWULEXWLRQRISUHWULSURXWHFKRLFHDVDIUHTXHQF\EDVHGWUDQVLWDVVLJQPHQW,WLVDVVXPHGWKDWHDFK
SDVVHQJHUZRXOGPDNH WKH WULSSODQDFFRUGLQJ WR WKHH[SHFWDWLRQ IRU WUDYHO FRVWV:HXVHDXWLOLW\EDVHG
DSSURDFKWRGHVFULEHWUDYHOOHU¶VSHUFHLYHGWUDYHOFRVWV  
$V D UHVXOW WKH H[SHFWHG WUDYHO GLVXWLOLW\ ܷ௣௪ IRU DQ\ SDWK ݌ EHWZHHQ 2' SDLU ݓ LQ WKH WUDQVIHU
QHWZRUNFDQEHFDOFXDOWHGDVWKHVXPRIDOORIH[SHFWHGWUDYHOGLVXWLOLWLHVRQOLQNVDORQJWKLVSDWKLQFOXGLQJ
WKHLQLWLDOZDLWLQJWLPHLQYHKLFOHWLPHDQGH[SHFWHGWUDQVIHUZDLWLQJWLPH  ܷ௣௪ ൌ ܧ ௦ܹߦ௦௣௪ ൅  ? ௦ܶߜ௦௣௪௦ ൅  ? ෨ܶ௠௣௠                                                  
ZKHUH ෨ܶ௠௣ UHSUHVHQWVWKHWUDQVIHUZDLWLQJWLPHFRVWDWWUDQVIHUQRGH ݉ RQSDWK ݌ 
0RVWRIWKHH[LVWLQJWUDQVLWDVVLJQPHQWPRGHOVZLWKRXWVFKHGXOHFRRUGLQDWLRQWKDWDVVXPHDQDUELWUDU\
FRQVWDQWXVXDOO\DODUJHQXPEHUDVDWUDQVIHUSHQDOW\HJ<DRHWDO6]HWRHWDO,QWKHSHUIHFW
GHWHUPLQLVWLF VFKHGXOH FRRUGLQDWLRQ SDVVHQJHUV FRXOG WUDQVIHU VPRRWKO\ EHWZHHQ GLIIHUHQW EXV OLQHV
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+RZHYHULQWKHFRQWH[WRIVWRFKDVWLFVFKHGXOHFRRUGLQDWLRQZLWKXQFHUWDLQGLVUXSWLRQVWKHWUDQVIHUSHQDOW\
ZRXOGEHGHSHQGHQWRQWKHWUDYHOWLPHYDULDELOLW\DQGWKHVFKHGXOHFRRUGLQDWLRQVFKHPHKHDGZD\VDQGVODFN
WLPHVDVZHOODVWKHUHVXOWLQJH[SHFWHGWUDQVIHUZDLWLQJWLPH6LQFHWKHUHPD\H[LVWPXOWLSOHFRPELQDWLRQV
RIFRQQHFWLQJ OLQHVDW D WUDQVIHU VWDWLRQ WKHH[SHFWHG WUDQVIHUZDLWLQJ WLPHDW WUDQVIHUQRGH ݉ FRXOGEH
DSSUR[LPDWHGE\WKHZHLJKWHGDYHUDJHRIWUDQVIHUZDLWLQJWLPHRIFRQQHFWLQJEXVOLQHVDORQJWKHSDWK7KH
H[SHFWHGWUDQVIHUZDLWLQJWLPHLQFOXGHVPLVVHGFRQQHFWLRQWLPHGHOD\HGFRQQHFWLRQWLPHDQGLIDQ\WKH
LQWHUF\FOHWUDQVIHUZDLWLQJWLPH 
 ෨ܶ௠௣ ൌ  ?  ? ߨ௦௞൫ ௖ܶ௞௞ᇲ ൅ ௙ܶ௞௞ᇲ ൅ ܼ௠௞௞ᇲ൯ܾ௞௣ܾ௞ᇲ௣௞ᇲ௞ ߬௠௞௞ᇲ                                     
$VDUHVXOWWKHQHWZRUNIORZSDWWHUQVEHIRUHUHURXWLQJXQGHUJLYHQVFKHGXOHSODQFRXOGEHREWDLQHGE\
WKH WUDQVLW DVVLJQPHQW PRGHOV :LWK WKH RULJLQDO EHIRUH UHURXWLQJ IORZ SDWWHUQV WKH H[SHFWHG IORZ
GLVWULEXWLRQ ZLWK UHURXWLQJ EHKDYLRXU FDQ EH IXUWKHU REWDLQHG E\ 6HFWLRQ  WR DGDSW WR FKDQJLQJ
RSHUDWLRQDOFRQGLWLRQ 
6ROXWLRQDOJRULWKP 
*LYHQDVHWRIKHDGZD\VDQGVODFNWLPHVXVHUVZLOOFKRRVHDFFHSWDEOHSDWKVSULRUWRVWDUWLQJWKHLUMRXUQH\
DQGUHURXWHLQFDVHRIPLVVHGFRQQHFWLRQ/LNHZLVHJLYHQDVHWRIIORZSDWWHUQVVHOHFWHGE\V\VWHPXVHUV
V\VWHPGHVLJQHUVFDQUHDOORFDWHWKHYHKLFOHUHVRXUFHVWRDYRLGH[WUDFRVWVFDXVHGE\FRQJHVWLRQ7KHQXVHUV
ZLOOFKRRVHWKHQHZWULSFKDLQVDJDLQ7KHUHIRUHZHFDQXVHWKLVLWHUDWLYHVWUDWHJ\EHWZHHQWKHXSSHUOHYHO
DQGORZHUOHYHOGHFLVLRQVWRUHDFKWKHRSWLPDOVROXWLRQJUDGXDOO\7KHPHWKRGRIVXFFHVVLYHDYHUDJHV06$
LVXVHGWRDGGUHVVWKHGHPDQGDVVLJQPHQWSUREOHPXQGHUDJLYHQVFKHGXOHGHVLJQ3RRQHWDO6LHW
DO0RUHVSHFLILFDOO\WKHSVHXGRFRGHRIKHXULVWLFDOJRULWKPLVSUHVHQWHGDVIROORZV 
6WHS,QLWLDOL]DWLRQ/HWLWHUDWLRQLQGH[ ݖ ൌ  ? DQGWKHLQLWLDOVODFNWLPHVEHLHݏ௠௞௭ ൌ  ?DQGLQLWLDOL]H
KHDGZD\V ݄௞௭  DVDFRPELQDWLRQRISRVLWLYHYDOXHVVXEMHFWWR(TWR  
6WHS8SGDWH$SSO\WKHVROXWLRQRIVODFNWLPHVDQGKHDGZD\V LQWRWKHORZHUOHYHOPRGHODQGVROYH LW
XVLQJ 06$2EWDLQ D VHW RI VROXWLRQRI SDVVHQJHU SDWK IORZV ௣݂௪ǡ௭ାଵ DQG WKH UHVXOWLQJ OLQN IORZ ݔ௞௭ାଵ
6XEVHTXHQWO\WKHH[SHFWHGQHWZRUNIORZDIWHUUHGLVWULEXWLRQFDQEHREWDLQHG 
6WHS 0RGLILFDWLRQ$SSO\ WKHYDOXHRI SDVVHQJHU IORZV ௣݂௪ǡ௭ାଵ VROYHG LQ6WHS LQWR WKHXSSHUOHYHO
PRGHO7KHQVHDUFKDVHWRIRSWLPXPVROXWLRQRIVODFNWLPHVDQGKHDGZD\V ݏ௠௞௭ାଵ ݄௞௭ାଵ 
6WHS&RQYHUJHQFHFULWHULD&KHFNZKHWKHUWKHFRQYHUJHQFHFULWHULRQLVVDWLVILHGRUQRW7KHDOJRULWKP
WHUPLQDWHVLIWKHUHODWLYHJDSRIWUDIILFIORZEHWZHHQWKHLWHUDWLRQVEHFRPHVOHVVWKDQDWKUHVKROGRWKHUZLVH
OHW ݖ ൌ ݖ ൅  ?DQGFRQWLQXHWKHLWHUDWLRQEHWZHHQ6WHSDQG 
4. Numerical example 
7RHYDOXDWHWKHLQIOXHQFHRIUHURXWLQJWRVFKHGXOHSODQQHUVDVPDOOQXPHULFDOWHVWLVILUVWO\FRQGXFWHGWR
FRPSDUH WKHSHUIRUPDQFHVRI HQKDQFHG VFKHGXOHFRRUGLQDWLRQZLWK UHURXWLQJZLWK WKHEDVHFDVHZLWKRXW
UHURXWLQJ7KHQWKHLQIOXHQFHRIGLIIHUHQWRSHUDWLQJVHWWLQJVRQWKHPRGHOSHUIRUPDQFHLVGLVFXVVHG/DVWO\
ZHDSSO\WKHPRGHOWRDPHGLXPVL]HK\EULGEXVQHWZRUNDQGDQDO\VHWKHSDVVHQJHUV¶UHURXWLQJEHKDYLRXU
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RQVFKHGXOHFRRUGLQDWLRQ 
([SHULPHQW? 
:HFRQVLGHUWKHH[DPSOHFRUUHVSRQGLQJWRWKHQHWZRUNLOOXVWUDWHGLQ6HFWLRQUHSURGXFHGLQ)LJWKH
K\SRWKHWLFDOWULDQJXODUORRSEXVQHWZRUNLVDWKUHHURXWHQHWZRUNFRQWDLQLQJOLQNVDQGQRGHVRIZKLFK
QRGHVDUHWUDQVIHUVWDWLRQV)RUVXFKDQHWZRUNDOOOLQHVLQWHUDFWZLWKHDFKRWKHUVRWKDWWKHPDMRULW\RI
SDVVHQJHUVKDYHPRUHWKDQRQHURXWHRSWLRQWRJHWWRWKHLUGHVWLQDWLRQV7KHH[WHQVLRQRIWKLVQHWZRUNWRD
JHQHUDOEXVQHWZRUNZLWKPRUHLPPHGLDWHVWRSVZRXOGEHVWUDLJKWIRUZDUG7KH2'GHPDQGPDWUL[IRUWKH
QHWZRUNLVDV\PPHWULFDODQGSUHVHQWHGLQ7DEOHDQGWKHLQIRUPDWLRQRIOLQNWUDYHOWLPHVDUHVXPPDUL]HG
LQWKHEUDFNHWVLQ)LJWKHELGLUHFWLRQDOOLQNWUDYHOWLPHVDUHDVVXPHGWREHLGHQWLFDO  
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)LJ$WULDQJXODUORRSQHWZRUN 
7KH WUDQVIHU UHOLDELOLW\ PDLQO\ GHSHQGV RQ EXV WUDYHO WLPH YDULDELOLW\ DQG VODFN WLPHV )ROORZLQJ WKH
OLWHUDWXUH WKH H[SRQHQWLDO GLVWULEXWLRQ LV HPSOR\HG WRPRGHO WKH DUULYDO GHOD\RI EXVHV :XHW DO 
5DQGROSK  %RRNELQGHU DQG 'HVLOHWV  7KH SUREDELOLW\ GHQVLW\ IXQFWLRQ DQG WKH UHVSHFWLYH
FXPXODWLYHGHQVLW\IXQFWLRQRIDUULYDOGHOD\DUHH[SUHVVHGDVIROORZVZKLFKLVXVHGLQWKHFDOFXODWLRQRI
WUDQVIHUZDLWLQJWLPHFRVWV 
   ݂ሺ݀௠௞ሻ ൌ ൜ ߣ௠௞݁ିఒ೘ೖௗ೘ೖ ǡ ݀௠௞ ൐  ? ?ǡ                        ௠݀௞ ൑  ?  DQG                                           
 
   ܨሺ݀௠௞ሻ ൌ ൜  ? െ ݁ି ఒ೘ೖௗ೘ೖ ǡ ݀௠௞ ൐  ? ?ǡ                        ௠݀௞ ൑  ? 
ZKHUH ݀௠௞ LV WKH DUULYDO GHOD\ RI EXVHV DQG SDUDPHWHU ߣ௠௞ ൐  ? LV WKH SDUDPHWHU RI WKH H[SRQHQWLDO
GLVWULEXWLRQ 
)RU H[SRQHQWLDO GLVWULEXWLRQ WKH PHDQ GHOD\ DQG WKH YDULDWLRQ RI GHOD\ DUH  ? ߣ௠௞ ?  DQG  ? ߣ௠௞ଶ ? 
UHVSHFWLYHO\$QGWKHGHOD\SUREDELOLW\GHFUHDVHVTXLFNO\DVWKHGHOD\WLPHLQFUHDVHV:LWKWKHH[SRQHQWLDO
GHOD\ DUULYDO DVVXPSWLRQ WKH FRPSXWDWLRQ WLPH FDQ EH HIIHFWLYHO\ UHGXFHG E\ DQDO\WLFDO IRUPXODWLRQV
IHDWXULQJLQWHJUDEOHIXQFWLRQV+RZHYHULQSULQFLSOHWKHPRGHOFDQEHDSSOLHGWRDQ\GLVWULEXWLRQRIGHOD\HG
DUULYHWLPH 
7KHXQLWRSHUDWLRQFRVWLQ(TVDQGLVWDNHQDV ܤ ൌ  ?Ǥ ? ? ? ?Ȁݒ݄݁Ȁ݉݅݊7KHYHKLFOHFDSDFLW\ ܥܽ
LVWDNHQDVSD[7ZRYDOXHVRIZDLWLQJWLPHDUHWDNHQDV ߤ௖ ൌ ߤ௪ ൌ  ?Ǥ ? ?Ȁ݉݅݊7KHGHOD\HGSDUDPHWHU
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LQ(TLVVHWWREH ߣ௠௞ ൌ  ?Ǥ ? ?݉ ݅݊ିଵ7KHRWKHUGHIDXOWPRGHOSDUDPHWHUVXVHGDUH ߠ ൌ  ?Ǥ ? ܽ ൌ  ?
DQG ܾ ൌ  ? 
 
7DEOH7KH2'GHPDQGPDWUL[IRUWKHVDPSOHQHWZRUNSD[PLQ 
 'HVWLQDWLRQ 
2ULJLQ          
          
          
          
          
          
          
          
          
          
 
6ROYLQJ WKH RSWLPL]DWLRQ SUREOHPV IRU WKH EDVHOLQH YDOXHV \LHOGV WKH UHVXOWV VKRZQ LQ 7DEOH  7KH
RXWFRPHVLQFOXGHWKHRSWLPDOKHDGZD\VDQGVODFNWLPHVDQGWKHLQGLYLGXDOFRVWFRPSRQHQWVDVZHOODVWKH
UHVXOWDQW WRWDO FRVWV GLVWLQJXLVKHG E\ WKH EDVH DQG HQKDQFHG YHUVLRQ 7KH EDVH DQG HQKDQFHG YHUVLRQ
UHSUHVHQWV WKH VFKHGXOH FRRUGLQDWLRQ PRGHO ZLWKRXW DQG ZLWK UHURXWLQJ UHVSHFWLYHO\ 2QH FDQ VHH WKDW
FRPSDUHGWRWKHEDVHPRGHOLWLVPRUHEHQHILFLDOWRRSHUDWHZLWKORQJHUKHDGZD\VIRUWKHHQKDQFHGPRGHO
OHDGLQJWRRYHUDOOORZHURSHUDWLRQFRVW ܥ௢ DQGLQGXFHGVODFNWLPHFRVW ܥ௦1HYHUWKHOHVVWKHWUDQVIHUFRVWV
ܥ௖ ܥ௙ ܥ௚IRUWKHHQKDQFHGPRGHOKDYHEHHQUHGXFHGLQFRPSDULVRQWRWKHEDVHPRGHO7KLVLVEHFDXVH
DVGLVFXVVHGSUHYLRXVO\WKHQXPEHURISDVVHQJHUVVXIIHULQJIURPFRQQHFWLRQIDLOXUHFRXOGEHUHGXFHGZKHQ
UHURXWLQJ LVDOORZHG$OWKRXJK WKH LQFRUSRUDWLRQRI UHURXWLQJ UHVXOWV LQD ORQJHUKHDGZD\ DQG WKHUHIRUH
ORQJHUWUDQVIHUZDLWLQJWLPHWKLVKDVEHHQRYHUZKHOPE\WKHUHGXFHGQXPEHURIWUDQVIHUSDVVHQJHUVZKR
KDYH WRZDLW IRUD IXOOKHDGZD\$VD UHVXOW WKH WRWDO WUDQVIHUZDLWLQJ WLPHZKLFKHTXDOV WR WKH WUDQVIHU
ZDLWLQJWLPHPXOWLSOLHGE\WKHWUDQVIHUGHPDQGFRXOGVWLOOEHUHGXFHGWRVRPHH[WHQW7KLVLQGLFDWHVWKDW
LQFRUSRUDWLRQ RI UHURXWLQJ EHKDYLRXU OHDGV WR ORQJHU KHDGZD\V WKXV \LHOGV IOHHW VL]H VDYLQJ ZLWKRXW
LQFUHDVLQJSDVVHQJHUV¶FRVWV 
7DEOH2SWLPL]HGUHVXOWVIRUWKHEDVHOLQHYDOXHV 
9DULDEOHVPLQ %DVH (QKDQFHG &RVWPLQ %DVH (QKDQFHG ݄௞ ݄ଵ ݄ଶ ݄ଷD   ܥ   
ݏ௠௞QRWH 
ݏଶଵ   ܥ௢   ݏଶଶ   ܥ௪   ݏଷଵ   ܥூ   ݏଷଷ   ܥ௦   ݏ଺ଵ   ܥ௖   
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ݏ଺ଷ   ܥ௙   
² ܥ௚   
1RWH7KHWZRYDOXHVLQWKHEUDFNHWGHQRWHWKHVODFNWLPHVIRUWKHWZRGLIIHUHQWGLUHFWLRQVRIWKHOLQH 
 
1H[W ZH FRQGXFW VHQVLWLYLW\ DQDO\VLV WR LQYHVWLJDWH WKH UHODWLRQVKLS EHWZHHQ PRGHO SDUDPHWHUV DQG
GHFLVLRQYDULDEOHVDQGGLVFXVVWKHLPSOLFDWLRQVIRUWUDQVLWRSHUDWLRQDQGQHWZRUNGHVLJQ6LQFHWKHDUULYDO
GHOD\DWWUDQVIHUVWDWLRQVDUHFHQWUDOVRXUFHVWULJJHULQJFRQQHFWLRQIDLOXUHDQGDGDSWLYHURXWHFKRLFHLQZKDW
IROORZVZHEHJLQZLWKLQYHVWLJDWLQJWKHVHQVLWLYLW\WRGHOD\DUULYDOXQFHUWDLQW\IROORZHGE\WKHVHQVLWLYLW\WR
WRWDO GHPDQG ,W SURFHHGV WR DQDO\VH WKH HIIHFW RI UHURXWLQJ RQ WKH V\VWHP SHUIRUPDQFH XQGHU VXSSO\
FRQVWUDLQWVZKLFKLVFRPPRQSUDFWLFHLQWUDQVLWRSHUDWLRQ7RDFKLHYHWKLVVODFNWLPHVDUHRSWLPL]HGIRU
H[RJHQRXVO\VSHFLILHGKHDGZD\V  
 
6HQVLWLYLW\WRDUULYDOPHDQGHOD\ 
)LJSUHVHQWVWKHDYHUDJHGRSWLPDOVODFNWLPHXQGHUYDULRXVOHYHOVRIDUULYDOGHOD\,WFDQEHVHHQWKDW
WKHDYHUDJHGVODFNWLPHVIRUERWKPRGHOVWHQGWRLQFUHDVHLQLWLDOO\ZLWKWKHPHDQGHOD\EHIRUHGHFUHDVLQJ
7KLVLVEHFDXVHWKDWWKHGHOD\DUULYDOLVDVVXPHGWREHH[SRQHQWLDOO\GLVWULEXWHGWKHYDULDQFHRIGHOD\  ? ߣଶ ? 
DOVR LQFUHDVHV ZLWK WKH PHDQ GHOD\ ? ߣ ? 7KLV VXJJHVWV WKDW WKH V\VWHP QHHGV PRUH VODFN WLPH ZKHQ WKH
XQFHUWDLQW\ LV KLJKHU +RZHYHU DGGLQJ PRUH VODFN WLPHV ZRXOG EH XQGHVLUDEOH ZKHQ WKH DUULYDO GHOD\
XQFHUWDLQW\LVKLJKHUWKDQDWKUHVKROG 
 
)LJ$YHUDJHGRSWLPDOVODFNWLPHXQGHUGLIIHUHQWPHDQGHOD\V 
 
D                                       E  
)LJ6\VWHPFRVWVXQGHUYDULRXVPHDQGHOD\VDWUDQVIHUFRVWEWRWDOFRVW 
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)LJVKRZVWKHNH\FRVWFRPSRQHQWVRIVFKHGXOHFRRUGLQDWLRQXQGHUGLIIHUHQWPHDQGHOD\VWRWDOWUDQVIHU
FRVW ܥ௖ ൅ ܥ௙ ൅ ܥ௚ DQG WRWDO V\VWHPFRVW ܥ ,W LV IRXQG WKDW WKH WUDQVIHUFRVW DQG V\VWHPDWLF WRWDO FRVW
JHQHUDOO\LQFUHDVHDVWKHPHDQGHOD\LQFUHDVHV+RZHYHUWKHUHLVDVXGGHQGURSLQWUDQVIHUFRVWZKHQWKH
PHDQGHOD\LVKLJKHUWKDQPLQ7KLVLVEHFDXVHWKHLQFUHDVHRIWKHPHDQGHOD\FKDQJHVWKHRSWLPL]HG
KHDGZD\VZKLFKLQWXUQDIIHFWVWKHWUDQVIHUFRVW7KHFRVWVRIWKHHQKDQFHGPRGHODUHFRQVLVWHQWO\ORZHU
WKDQWKRVHRIWKHEDVHRQHDQGWKHJDSEHWZHHQWKHPLVQHJOLJLEOHZKHQWKHPHDQGHOD\  ? ߣ ?  LVORZHUWKDQ
7KHUHDVRQLVWKDWWKHSUREDELOLW\RIPLVVHGFRQQHFWLRQLVKLJKHUZKHQWKHDUULYDOGHOD\EHFRPHVODUJHU
XQGHUZKLFKFLUFXPVWDQFHWKHUHURXWLQJEHEDYLRXUWDNHVPRUHHIIHFW$FFRUGLQJO\ORZHUV\VWHPWRWDOFRVW
FDQEHH[SHFWHG  
6HQVLWLYLW\WRWRWDOGHPDQG  
6LQFHEXVGHSDUWXUHKHDGZD\VUHVWZLWKWKHGHPDQGIRUWKHVHUYLFHKHUHZHILUVWDQDO\VHWKHRSWLPL]HG
KHDGZD\VRIERWKEDVHDQGHQKDQFHGPRGHOVDWGLIIHUHQWGHPDQGOHYHOVDQGWKHUHVXOWVDUHSUHVHQWHGLQ
7DEOH7KHILUVWREVHUYDWLRQLV WKDWVFKHGXOHFRRUGLQDWLRQZLWKLQWHJHUUDWLRKHDGZD\VRXWSHUIRUPVWKDW
ZLWKDVLQJOHFRPPRQKHDGZD\LQDOOVFHQDULRV7KLVLPSOLHVWKDWWKHGHPDQGRUURXWHOHQJWKLVVLJQLILFDQWO\
GLIIHUHQWDPRQJWKHEXVURXWHV$VWKHGHPDQGOHYHOJURZVSURSRUWLRQDOO\WKHRSWLPDOKHDGZD\VGHFUHDVH
DQGWKHRSWLPDOKHDGZD\VRI/LQHVDQGYHUVXV/LQHUHPDLQQROHVVWKDQEHIRUHWKHGHPDQGUDWLR
UHDFKHV D FULWLFDO YDOXH  DQG  IRU WKHEDVH DQG HQKDQFHG FDVH UHVSHFWLYHO\%H\RQG WKDW WKH UDWLR
EHWZHHQWKHPEHFRPHVVPDOOHUWKDQ7KLVLQGLFDWHVWKDWWKHLQWHJHUUDWLRKHDGZD\PD\EHPRUHHFRQRPLFDO
IRU VFKHGXOH FRRUGLQDWLRQ DW ORZ GHPDQG ,Q DGGLWLRQ ZH REVHUYH WKDW WKH KHDGZD\V DUH UHGXFHG DIWHU
LQFRUSRUDWLQJ UHURXWLQJ EHKDYLRXU LQ WKH PRGHO VXJJHVWLQJ WKDW WKH IOHHW VL]H FDQ EH VDYHG DQG WKXV
HFRQRPLFDOO\DGYDQWDJHRXV7KLVLVEHFDXVHDOORZLQJUHURXWLQJZLOOPLWLJDWHWKHQHJDWLYHHIIHFWRIPLVVHG
FRQQHFWLRQOHVVEXVHVWKHQDUHQHHGHG  
 
7DEOH2SWLPL]HGKHDGZD\VDWGLIIHUHQWGHPDQGUDWLRVPLQ 
 Base Enhanced 
Ratio ݄ଵ ݄ଶ ݄ଷ ݄ଵ ݄ଶ ݄ଷ 
0.2 56 28 56 60 30 60 
0.4 40 20 40 45 20 45 
0.6 32 16 32 35 15 35 
0.8 30 15 30 32 16 32 
1 24 12 24 28 12 28 
1.2 21 12 21 27 12 27 
1.4 21 12 21 21 12 21 
1.6 18 12 18 20 12 20 
1.8 16 12 16 18 12 18 
2.0 16 12 16 18 12 18 
 
28 
 
 
)LJ$YHUDJHGRSWLPDOVODFNWLPHXQGHUGLIIHUHQWGHPDQGOHYHOV 
)LJSUHVHQWVWKHDYHUDJHGRSWLPDOVODFNWLPHXQGHUGLIIHUHQWGHPDQGOHYHOV:HREVHUYHWKDWWKHVODFN
WLPHVGHFUHDVHZLWKWKHLQFUHPHQWRIWKHGHPDQGYROXPHLQDQHDUO\H[SRQHQWLDOZD\7KLVLVH[SHFWHGVLQFH
DWKLJKHUGHPDQGWKHVHUYLFHKHDGZD\ZLOOEHVKRUWHUDQGDQ\PLVVHGFRQQHFWLRQEHFRPHVOHVVIUXVWUDWHG
IRUWUDQVIHUSDVVHQJHUVWKXVOHVVVODFNWLPHVDUHQHHGHGWRUHOLHIWKHWUDYHOWLPHYDULDELOLW\,QDGGLWLRQDW
ORZGHPDQGWKHVODFNWLPHVIRUWKHHQKDQFHGPRGHODUHVPDOOHUWKDQWKDWRIWKHEDVHRQHDQGWKHJDSVDUH
QHJOLJLEOHZKHQWKHGHPDQGUDWLRLV ODUJHUWKDQDFULWLFDOYDOXHHJLQWKLVH[DPSOH7KHUHDUHWZR
SRVVLEOHUHDVRQVIRUWKLV)LUVWWKHVODFNWLPHVDUHOLQNHGFORVHO\WRVHUYLFHKHDGZD\VZKLOHWKHKHDGZD\V
IRUERWKYDULDQWVDUHFORVHDWUHODWLYHO\KHDY\GHPDQGDVVKRZQLQ7DEOH6HFRQGDFFRUGLQJWR(TDV
WKHKHDGZD\EHFRPHVVKRUWHUWKHWUDYHOWLPHRIWKHRULJLQDOO\SODQQHGURXWHZRXOGEHUHGXFHGLQVSLWHRI
FRQQHFWLRQIDLOXUHVXFKWKDWSDVVHQJHUVDUHOHVVOLNHO\WRPRGLI\WKHLUURXWHVDQGWKHUHIRUHWKHVZLWFKLQJ
UDWHKDVEHHQUHGXFHG  
 
6HQVLWLYLW\DQDO\VLVXQGHUVXSSO\FRQVWUDLQWV 
:KLOHLWLVVKRZQWKDWLQFRUSRUDWLQJUHURXWLQJLQWKHRSWLPL]DWLRQRIVFKHGXOHFRRUGLQDWLRQZLWKRXWDQ\
VXSSO\FRQVWUDLQWVFRXOGOHDGWRFRVWVDYLQJLWLVQRWXQFRPPRQIRUDWUDQVLWRSHUDWRUWRIDFHZLWKVXSSO\
FRQVWUDLQWVLQSUDFWLFHGXHWREXGJHWRUIOHHWVL]HOLPLWDWLRQ7KHUHIRUHIURPWKHVWDQGSRLQWRIRSHUDWRULWLV
LPSRUWDQWWRXQGHUVWDQGWKHVFKHGXOHSHUIRUPDQFHZLWKVXFKFRQVLGHUDWLRQ7RIXUWKHULQYHVWLJDWHZKHWKHU
WKHHQKDQFHGPRGHOLVDGYDQWDJHRXVXQGHUVXSSO\FRQVWUDLQWVVODFNWLPHVDUHRSWLPL]HGIRUH[RJHQRXVO\
VSHFLILHGKHDGZD\V7KLVUHVHPEOHVILQGLQJWKHRSWLPDOVFKHGXOHSODQLQWKHFRQWH[WRIDFRQVWDQWIOHHWVL]H
)RUVLPSOLFLW\DQGFODULW\ZHIRFXVRQYHULI\LQJWKHVODFNWLPHVDQGV\VWHPFRVWVXQGHUWKHRSWLPDOKHDGZD\
IRUEDVHGHPDQGWKDWLVIL[LQJKHDGZD\VDW ݄ଵ ൌ  ? ?݉ ݅݊ ݄ଶ ൌ  ? ?݉ ݅݊ ݄ଷ ൌ  ? ?݉ ݅݊ 
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D                                        E  
)LJ2SWLPDOVODFNWLPHVIRUYDULRXVPHDQGHOD\VDW\SLFDOVODFNWLPHEPHDQVODFNWLPHV 
 
)LJSUHVHQWV WKHW\SLFDORSWLPL]HGVODFNWLPHVݏଶଶ ݏ଺ଶDQGDYHUDJHGVODFNWLPHIRUYDULRXVPHDQ
GHOD\,WLVIRXQGWKDWWKHPHDQVODFNWLPHVDUHVPRRWKHUWKDQLQ)LJZKLFKLVEHFDXVHWKHVODFNWLPHVDUH
RSWLPL]HG ZLWK SUHGHWHUPLQHG KHDGZD\V$V WKH PHDQ GHOD\ LQFUHDVHV WKH W\SLFDO VODFN WLPH VKRZV DQ
XSZDUGWUHQGEHIRUHKLWWLQJWKHWKUHVKROGDQGWKHQGHFUHDVHVGUDVWLFDOO\WR0RUHLPSRUWDQWO\WKHW\SLFDO
VODFNWLPHVDQGDYHUDJHVODFNWLPHFKDUDFWHUL]HGE\UHURXWLQJHIIHFWDUHFRQVLGHUDEO\VKRUWHUWKDQWKRVHRI
WKHEDVHPRGHO7KHVDYLQJIRUWKHDYHUDJHVODFNWLPHPDGHE\UHURXWLQJDSSHDUVWRJHWHQODUJHGZKHQWKH
PHDQGHOD\LVODUJHUWKDQ7KLVPD\EHH[SODLQHGE\WKHIDFWWKDWWKHVODFNWLPHVHWWLQJLVUHODWHGWRWKH
WUDGHRIIEHWZHHQWKHWUDQVIHUGHPDQGDQGWKURXJKGHPDQGZKLOHDVSHUGLVFXVVHGWKHLPPHGLDWHHIIHFWRI
SDVVHQJHUUHURXWLQJLVWKHUHGXFWLRQRIWUDQVIHUGHPDQGDQGWKHLQFUHDVHRIWKURXJKGHPDQG6LQFHUHURXWLQJ
LVWULJJHUHGE\WUDQVIHUIDLOXUHPRUHFKDQFHRIFRQQHFWLRQIDLOXUHDQGUHURXWLQJFDQEHH[SHFWHGZKHQWKH
DUULYDOGHOD\XQFHUWDLQW\LVKLJKHU$VPHQWLRQHGEHIRUHWKHUHVHUYDWLRQRIODUJHVODFNWLPHVLVLQHIILFLHQW
VLQFHLWOHDGVWRDGGLWLRQDOYHKLFOHKROGLQJDQGWULSWLPH,QRWKHUZRUGVWKHDOORFDWHGVODFNWLPHRQWKHRWKHU
KDQGPHDQVWKHHIILFLHQF\RIVFKHGXOHFRRUGLQDWLRQ7KHUHIRUHWKHVHUHVXOWVVXJJHVWWKDWE\LQWURGXFLQJWKH
UHURXWLQJEHKDYLRXUPRUHFRVWHIIHFWLYHV\QFKURQL]HGVFKHPHVZLWKOHVVVODFNWLPHVFDQEHUHDOL]HG 
 
)LJ$YHUDJHGRSWLPDOVODFNWLPHIRUGLIIHUHQWGHPDQGOHYHOVXQGHUJLYHQKHDGZD\V 
:HIXUWKHUDQDO\VHWKHFKDQJHSDWWHUQRIDYHUDJHVODFNWLPHVIRUGLIIHUHQWGHPDQGUDWLRVXQGHUJLYHQ
KHDGZD\VDQGWKHUHVXOWVDUHVKRZQLQ)LJ7KHVFHQDULRVGLIIHULQWZRGLPHQVLRQVZKHWKHUWKHUHURXWLQJ
LVDOORZHGDQGDUULYDOGHOD\XQFHUWDLQW\LVKLJKRUPRGHUDWH,WLVFOHDUWKDWWKHDYHUDJHVODFNWLPHVLQFUHDVH
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ZLWKWKHGHPDQGOHYHO7KLV LVEHFDXVHWUDQVIHUYROXPHJURZVSURSRUWLRQDOO\ZLWKWKHWRWDOGHPDQGDQG
ZKHQKHDGZD\VDUHIL[HGPRUHVODFNVDUHQHHGHGWRUHOLHYHWKHWUDYHOWLPHYDULDELOLW\DQGUHGXFHWKHWUDQVIHU
FRVWV,QWHUHVWLQJO\WKHUHURXWLQJHIIHFWFRXOGUHGXFHVODFNWLPHUHVHUYDWLRQXQGHUYDULRXVGHPDQGUDWLRDQG
WKHLPSURYHPHQWLVJUHDWHUIRUWKHKLJKGHOD\VFHQDULRߣ ൌ  ?  ? ? )RUH[DPSOHWKHVODFNWLPHVDYLQJIRU
KLJKGHOD\VFHQDULRDUHDQGIRUDQGGHPDQGUDWLRUHVSHFWLYHO\ZKHUHDVIRUPRGHUDWH
GHOD\ VFHQDULR DUH  DQG  UHVSHFWLYHO\ ,Q WKLV VWXG\ WKH VDYLQJ LV FDOFXODWHG DVሺ݊݋݊ܽ݀ܽ݌ݐ݅ݒ݁ െ ܽ݀ܽ݌ݐ݅ݒ݁ሻ ൈ  ? ? ?ܽ ݀ܽ݌ݐ݅ݒ݁ 7KLV LVH[SODLQDEOHIURPWKHIDFW WKDW UHURXWLQJHIIHFW LV
PRUHDFWLYHXQGHUKLJKHUGHOD\DUULYDOXQFHUWDLQW\DVGLVFXVVHGSUHYLRXVO\7KHVHUHVXOWVJLYHXVDSUDFWLFDO
PDQDJHULDOLQVLJKWWKDWLQWKHFRQWH[WRIVXSSO\FRQVWUDLQWVUHURXWLQJFDQLPSURYHSHUIRUPDQFHE\DJUHDWHU
GHJUHHZKHQWKHDUULYDOGHOD\LVKLJKHUDQGGHPDQGOHYHOLVORZHU 
  
)LJ$YHUDJHGRSWLPDOVODFNWLPHYHUVXVYDOXHRIPLVVHGFRQQHFWLRQWLPH 
  6LPLODUO\E\LQFUHDVLQJWKHYDOXHRIPLVVHGFRQQHFWLRQWLPHߤ௖ZKLOHIL[LQJWKHYDOXHVRIRWKHUXVHU¶V
WLPHFRPSRQHQWVWKHDYHUDJHRSWLPDOVODFNWLPHVDUHVNHWFKHGLQ)LJ2QHFDQVHHWKDWWKHDYHUDJHVODFN
WLPHVLQFUHDVHDVWKHYDOXHRIPLVVHGFRQQHFWLRQWLPHLQFUHDVHVVXJJHVWLQJWKDWFRRUGLQDWHGWUDQVIHUVKRXOG
EHHQFRXUDJHG6LPLODUDVVKRZQEHIRUHWKHVODFNWLPHVRIHQKDQFHGPRGHODUHFRQVLGHUDEO\VPDOOHUWKDQ
WKRVHRIWKHEDVHRQHDQGWKHJDSVEHWZHHQWKHPDUHODUJHUZKHQWKHDUULYDOGHOD\XQFHUWDLQW\LVKLJKHU  
 
([SHULPHQW? 
7KLVVHFWLRQDQDO\VHVWKHSDVVHQJHUIORZSDWWHUQZLWKUHURXWLQJEHKDYLRXU&RQVLGHUDPHGLXPVL]HK\EULG
QHWZRUNVKRZQLQ)LJZLWKEXV OLQHVDQGWUDQVIHUVWDWLRQV6WDWLRQV WRDUHFRPPRQOLQHVWRSV
VKDUHGE\OLQHDQGOLQH7KHWUDQVIHUFRRUGLQDWLRQDWWKHLPPHGLDWHVWDWLRQVDORQJWKHFRPPRQOLQHDUH
LJQRUHGVLQFHLQUHDOLW\WKHOLQNWUDYHOWLPHPLJKWEHGLIIHUHQWDFURVVEXVOLQHVDQGLWUHTXLUHGDGGLWLRQDOHIIRUW
LQV\QFKURQL]DWLRQWLPHWDEOHIURPWKHWHUPLQDODVVXJJHVWHGE\,EDUUD5RMDVHWDODQG,EDUUD5RMDV
DQG0XxR]ZKLFK LVRXWRI WKHVFRSHRI WKLVVWXG\7KLVQHWZRUNFDQEHYLHZHGDVDQH[WHQGHG
YHUVLRQRIWKHVLPSOHWULDQJXODUQHWZRUNDVVKRZQLQ)LJZKHUHOLQHDQGFRQVWLWXWHVDWULDQJXODUORRS
QHWZRUNZKLOHOLQHFRPELQHGZLWKOLQHDUHHTXLYDOHQWWRDWUXQNDQGIHHGHUQHWZRUN7KHWULSUDWHIRU
HDFK2'SDLULVDVVXPHGWREHSD[PLQDQGWKHOLQNWUDYHOWLPHVDUHSURYLGHGLQ7DEOH)RUVLPSOLFLW\
WKHOLQNWUDYHOWLPHVLQERWKGLUHFWLRQVDUHDVVXPHGWREHLGHQWLFDO2QFHDJDLQWKHH[SRQHQWLDOGLVWULEXWLRQ
LV XVHG IRU GHOD\HG DUULYDO GLVWULEXWLRQ IXQFWLRQ RI ZKLFK LQ WKH EDVH FDVH WKH GHOD\ SDUDPHWHU ߣ௠௞ ൌ
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 ?Ȁ ?݉݅݊ିଵ LVIL[HGIRUDOOWUDQVIHUQRGHVDQGRQDOOOLQHV  
7DEOH/LQNWUDYHOWLPHVPLQIRUWKHEXVQHWZRUN 
Link 1-2 2-3 3-4 4-5 5-6 6-7 4-8 8-9 8-10 10-11 
Travel time 5 6 5 4 6 5 7 6 5 4 
Link 5-8 5-12 12-13 13-14 13-18 16-17 17-18 13-19 19-20 20-21 
Travel time 6 7 4 5 7 5 8 6 6 5 
 
 Terminals
Transfer stations
Stations
1 2 3 4
5
6
7
8
9
1011
12
13
14
15
16 17 18
19
20 21Line 1
Line 2
Line 3
Line 4
 
)LJ$PHGLXPVL]HK\EULGEXVQHWZRUNDGDSWHGIURP;XHWDO 
7DEOH3DVVHQJHUIORZGLVWULEXWLRQIRUVRPHW\SLFDO2'SDLUV 
O-D pair Path node sequence Path flow Rerouting flow Rerouting flow/Path flow  
15՜1 15,14,13,12,5,4,3,2,1 0.348 0.007 2.03%   
 15,14,13,12,5,8,4,3,2,1 0.152 - -   
15՜4 15,14,13,12,5,4 0.346 0.041 11.8%   
 15,14,13,12,5,8,4 0.154 - -   
16՜2 16,17,18,13,12,5,4, 0.347 0.033 9.6%  
 16,17,18,13,5,8,4 0.153 - - 
16՜3 16,17,18,13,12,5,4,3 0.345 0.041 11.9%  
 16,17,18,13,12,5,8,4,3 0.155 - -  
17՜2 17,18,13,12,5,4,3,2 0.346 0.033 9.67%  
 17,18,13,12,5,8,4,3,2 0.154 - - 
17՜4 17,18,13,12,5,4 0.344 0.041 11.9%  
 17,18,13,12,5,8,4 0.156 - - 
7RLOOXVWUDWHKRZWKHSDVVHQJHUIORZGLVWULEXWLRQFKDQJHGE\UHURXWLQJEHKDYLRXUWKHGHWDLOHGUHVXOWVIRU
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VRPHW\SLFDO2'SDLUVDUHDQDO\VHG7KHUHDUHWZRSDWKVIRUWKHVH2'SDLUVDQGWKHLUDOWHUQDWLYHSDWKVDUH
EUDQFKHGIURPDWUDQVIHUVWDWLRQQRGH)RUH[DPSOHRQHRIWKHSDWKVIRU2'SDLU՜LVOLQH՜OLQH
WUDQVIHUULQJDWQRGHZKLOHWKHDOWHUQDWLYHSDWKLVOLQH՜OLQHWUDQVIHUULQJDWQRGH7DEOHSUHVHQWVWKH
RULJLQDOO\SODQQHGSDWKIORZDQGWKHUHURXWLQJIORZIRUW\SLFDO2'SDLUV2QHFDQVHHWKDWDFRQVLGHUDEOH
SURSRUWLRQRIWKHSDVVHQJHUIORZLVPLJUDWHGLQWRWKHDOWHUQDWLYHSDWKZLWKFRQQHFWLRQXQFHUWDLQW\UDQJLQJ
IURPDERXWWRDVKLJKDV 
7DEOH5HURXWLQJIORZIDFWRUDIWHUGRXEOLQJPHDQDUULYDOGHOD\DWQRGH 
Factor መ݂ሺߣିଵሻ መ݂ሺ ?ିߣ ଵሻ ?  
O-D pair 
መ݂ሺ ?ሻ መ݂ሺ ?ሻ ?  መ݂ሺ ?ሻ መ݂ሺ ?ሻ ?  መ݂ሺ ?ሻ መ݂ሺ ? ?ሻ ?  
15՜1 0.831 0.957 0.987 
15՜4 0.802 0.951 1.026 
16՜2 0.801 0.946 1.030 
16՜3 0.803 0.952 1.026 
17՜2 0.802 0.947 1.031 
17՜4 0.804 0.953 1.030 
$V PLVVHG FRQQHFWLRQ LV WKH PDLQ VRXUFH WULJJHULQJ UHURXWLQJ EHKDYLRXU KRZ WKH FKDQJHRI YHKLFOH
DUULYDOGHOD\SDUDPHWHUDIIHFWVWKHSDVVHQJHUIORZGLVWULEXWLRQGHVHUYHVVRPHGLVFXVVLRQ7RWKLVHQGZH
LQYHVWLJDWHWKHHYROXWLRQRIUHURXWLQJIORZIDFWRULH መ݂ሺߣିଵሻ መ݂ሺ ?ିߣ ଵሻ ? ZKHQWKHGHOD\SDUDPHWHU  ? ߣ ?  DW
QRGHLVGRXEOHGDQGWKHUHVXOWVDUHVKRZQLQ7DEOH2QHFDQVHHWKDWDVWKHGHOD\SDUDPHWHULQFUHDVHV
WKHIDFWRUWHQGVWRLQFUHDVHLQGLFDWLQJWKDWPRUHSDVVHQJHUIORZLVPLJUDWHGLQWRWKHDOWHUQDWLYHSDWKZKHQ
WKHGHOD\SDUDPHWHUEHFRPHVKLJKHU:KHQWKHGHOD\SDUDPHWHUUHDFKHVDWKUHVKROGLH  ? ߣ ? ൌ  ?WKHIDFWRUመ݂ሺ ?ሻ መ݂ሺ ? ?ሻ ?  LV YHU\ FORVH WR$VPHQWLRQHGEHIRUH VLQFH WKHGHOD\ DUULYDO WLPH LV DVVXPHG WR IROORZ
H[SRQHQWLDOGLVWULEXWLRQ LWVYDULDQFH  ? ߣଶ ?  ZLOO LQFUHDVHDV WKHPHDQGHOD\  ? ߣ ?  LQFUHDVHV7KLV LPSOLHV
WKDWLVDOUHDG\DKLJKGHOD\SDUDPHWHUDQGDQ\LQFUHPHQWRIUHURXWLQJIORZFRXOGEHFRPHPRUHGLIILFXOW
WKRXJKLQFUHDVLQJWKHSDUDPHWHU  
:LWKWUDQVIHUIDLOXUHDQGWKHUHURXWLQJIORZGHPDQGWUDQVLWLRQPD\RFFXUIURPWUDQVIHUSDVVHQJHUVWR
WKURXJK SDVVHQJHUV DW D GHVLJQDWHG WUDQVIHU VWDWLRQ ZKLFK IXUWKHU UHVXOWV LQ WKH FKDQJH RI WKH VFKHGXOH
FRRUGLQDWLRQ SODQQLQJ7KLV VXSSRUWV WKH FRQMHFWXUH PHQWLRQHG LQ )LJ WKDW UHURXWLQJ FRXOG OHDG WR WKH
FKDQJHLQWUDQVIHUGHPDQGDQGWKXVWKURXJKGHPDQG7KHUHIRUHWKHUHVXOWVVXJJHVWWKDWSDVVHQJHUUHURXWLQJ
FDQQRWEHLJQRUHGLQWKHFRQWH[WRIVFKHGXOHFRRUGLQDWLRQDQGFRQQHFWLRQXQFHUWDLQW\ 
5. Concluding remarks 
  5HURXWLQJFDQHIILFLHQWO\GHDOZLWKXQFHUWDLQWLHV+RZHYHUWKHLVVXHRIEXVVFKHGXOHFRRUGLQDWLRQGHVLJQ
ZLWK UHURXWLQJRISDVVHQJHUVKDVQRWEHHQ IXOO\DGGUHVVHGEHIRUH7KLV VWXG\SURSRVHGDQHZPRGHO IRU
VWRFKDVWLF EXV VFKHGXOH FRRUGLQDWLRQ GHVLJQ SURYLGLQJ WKDW SDVVHQJHUV FDQ DGMXVW WKHLU URXWH LQ FDVH RI
PLVVHGFRQQHFWLRQ7REXLOG WKH OLQNDJHEHWZHHQ WKHH[SHFWHGQHWZRUNIORZVDQG WUDQVIHU UHOLDELOLW\ZH
GHYHORSHG D ELOHYHO SURJUDPPLQJ PRGHO ZKHUHLQ WKH VFKHGXOH GHVLJQ KHDGZD\V DQG VODFN WLPHV DQG
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SDVVHQJHUURXWHFKRLFHDUHGHWHUPLQHGVLPXOWDQHRXVO\7KHXSSHUOHYHOSUREOHPLVGHVLJQHGWRPLQLPL]HWKH
V\VWHPWRWDOFRVWVXVHUFRVWDQGRSHUDWRUFRVWZKLOHWKHORZHUOHYHOSUREOHPLVDURXWHFKRLFHSUHWULSDQG
RQWULS PRGHO IRU WLPHGWUDQVIHU VHUYLFH$ KHXULVWLF DOJRULWKP DQG 06$ KDYH EHHQ MRLQWO\ DSSOLHG IRU
VROYLQJWKHELOHYHOPRGHO  
7KLVPRGHOZDVH[HPSOLILHGE\DVLPSOHWULDQJXODUORRSEXVQHWZRUNDQGDPHGLXPVL]HK\EULGQHWZRUN
ZLWKXELTXLWRXVUHURXWLQJEHKDYLRXU([SHULPHQWVUHYHDOHGWKDWHIIHFWRIUHURXWLQJVKRXOGQRWEHLJQRUHGLQ
WKHGHVLJQRIVFKHGXOHFRRUGLQDWLRQ5HVXOWVVKRZHGWKDWWKHLQFRUSRUDWLRQRIG\QDPLFUHURXWLQJEHKDYLRXU
OHDGVWRORQJHUKHDGZD\VWKXV\LHOGVIOHHWVL]HVDYLQJDQGHFRQRPLFEHQHILWZLWKRXWLQFUHDVLQJSDVVHQJHUV¶
FRVWV$QRWKHULQWHUHVWLQJILQGLQJLVWKDWLQWKHFRQWH[WRIVXSSO\FRQVWUDLQWVLHJLYHQKHDGZD\VPRUH
FRVWHIIHFWLYHVFKHGXOHFRRUGLQDWLRQVFKHPHVZLWKOHVVVODFNWLPHVFDQEHDFKLHYHGDQGWKHLPSURYHPHQWLV
JUHDWHUZKHQWKHDUULYDOGHOD\XQFHUWDLQW\LVKLJKHU7KHVHILQGLQJVLQGLFDWHWKDWLJQRULQJVXFKEHKDYLRUDO
FKDUDFWHULVWLFZRXOGLQGXFHLGOHFDSDFLW\LQWKHWUDQVLWV\VWHPLQFOXGLQJKLJKHUFRVWVIRUWKHRSHUDWRUVWKXV
XQGHUHVWLPDWHWKHHIILFDF\RIVFKHGXOHFRRUGLQDWLRQVFKHPHDQGOHDGWRSRWHQWLDOSODQQLQJHUURUV7KHUHIRUH
WKHUHVXOWDQWPRGHOSURYLGHVPRUHRSWLRQVLHUHURXWLQJDQGIOH[LELOLW\IRUSODQQHUVWRWDFNOHXQFHUWDLQWLHV
PRUHHIIHFWLYHO\,QYLHZRIWKHVHILQGLQJVZHUHFRPPHQGWKDWDSURSHUO\GHVLJQHGWUDQVIHUEDVHGQHWZRUN
ZLWKZHOOFRQQHFWHGURXWHVDQGUHDOWLPHLQIRUPDWLRQFDQLPSURYHWKHHIILFLHQF\RIWUDQVLWV\VWHPDQGGHDO
ZLWKGLVUXSWLRQVPRUHFRVWHIIHFWLYHO\  
7KLV VWXG\ VWHSSHG RXW DQ LQQRYDWLYH DQDO\WLFDO IUDPHZRUN IRU LQFRUSRUDWLQJ GHPDQG DVVLJQPHQW DQG
UHURXWLQJ EHKDYLRXU LQ VWRFKDVWLF VFKHGXOH FRRUGLQDWLRQ GHVLJQ ZKLFK SDYHV WKH ZD\ IRU QHZ UHVHDUFK
GLUHFWLRQV)RULQVWDQFHZKLOHWKLVDUWLFOHIRFXVHVRQWKHVFKHGXOHGHVLJQRYHUDVSHFLILFSODQQLQJKRUL]RQLQ
ZKLFKSDVVHQJHUGHPDQGDQGWUDYHOWLPHUHWDLQWKHLUFKDUDFWHULVWLFVIXWXUHUHVHDUFKFDQH[WHQGWKHORZHU
OHYHOPRGHOWRRWKHUPRUHUHDOLVWLFG\QDPLFWUDQVLWDVVLJQPHQWPRGHOVDQGLQFRUSRUDWHGHPDQGDQGUXQQLQJ
DQGGHOD\HGWLPHG\QDPLFVLQPXOWLSHULRGVFKHGXOHFRRUGLQDWLRQSODQQLQJWRFDSWXUHWKHWLPHGHSHQGHQW
RSHUDWLQJ FRQGLWLRQV$GGLWLRQDOO\ WKH SURSRVHG IUDPHZRUN FRXOG EH H[WHQGHG WR MRLQW RSWLPL]DWLRQ RI
RSWLPXPWUDQVLWQHWZRUNOD\RXWDQGVFKHGXOHFRRUGLQDWLRQ 
 
$FNQRZOHGJHPHQWV 
7KLVZRUN LV SDUWO\ VXSSRUWHGE\ WKH 1DWLRQDO6FLHQFH)RXQGDWLRQRI&KLQD 3URMHFW 1R 
WKH)XQGDPHQWDO5HVHDUFK)XQGVIRUWKH&HQWUDO8QLYHUVLWLHV3URMHFW1R'DQGWKH
5R\DO$FDGHP\RI(QJLQHHULQJSURMHFW8.&,$33? 
 
$SSHQGL['HULYDWLRQRIPLVVHGFRQQHFWLRQWLPH ௖ܶ௞௞ᇲ  
7KHHYHQWRIPLVVHGFRQQHFWLRQRFFXUVZKHQWKHFRQQHFWLQJEXVOHDYHVEHIRUHWKHWUDQVIHUSDVVHQJHUV
DUULYH$VVXPLQJ WKHGHOD\HG DUULYDO WLPHV RQ GLIIHUHQW OLQHV DUH VWDWLVWLFDOO\ LQGHSHQGHQW WKHQ WKH MRLQW
SUREDELOLWLHV RI VLPXOWDQHRXV DUULYDOV FRXOG EH DWWDLQHG E\ PXOWLSO\LQJ WKH DUULYDO SUREDELOLWLHV RI HDFK
LQGLYLGXDOEXVOLQH/HW ݇ᇱGHQRWHWKHEXVOLQHFRQQHFWLQJWROLQH ݇ DWWUDQVIHUQRGH ݉ ZKLFKDOVRKROGV
LQWKHIROORZLQJDSSHQGLFHV7KHUHDUHWZRSRVVLEOHFDVHVIRUPXODWHGDVIROORZV 
&DVH$7KHEXVRQRQHOLQHDUULYHVDWWUDQVIHUQRGHEHKLQGVFKHGXOHZKLOHWKHFRQQHFWLQJEXVRQDQRWKHU
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OLQHDUULYHVEHIRUHVFKHGXOH7KHH[SHFWHGPLVVHGFRQQHFWLRQWLPHLV  න න ሾ݄௞ᇲ െ ሺ݀௠௞ െ ݏ௠௞ሻሿ௦೘ೖᇲ଴௛ೖ௦೘ೖ ݂ሺ݀௠௞ሻ݀݀௠௞݂ሺ݀௠௞ᇲሻ݀݀௠௞݀݀௠௞ᇲ 
&DVH % %RWK EXVHV DUULYH DW WUDQVIHU QRGH EHKLQG VFKHGXOH ZKLOH WKH EXV RQ RQH OLQH DUULYHV DIWHU WKH
FRQQHFWLQJEXVRQDQRWKHUOLQH7KHH[SHFWHGPLVVHGFRQQHFWLRQWLPHLV  න න ሾ݄௞ᇲ െ ሺ݀௠௞ െ ݏ௠௞ሻሿ݂ሺ݀௠௞ሻ݀݀௠௞݂ሺ݀௠௞ᇲሻௗ೘ೖି௦೘ೖା௦೘ೖᇲ௦೘೗௛ೖ௦೘ೖ ݀݀௠௞݀݀௠௞ᇲ 
   7KHQWKHH[SHFWHGPLVVHGFRQQHFWLRQWLPHLVWKHVXPRIWKHZDLWLQJWLPHIRUWKHVHWZRVFHQDULRV  
       ௖ܶ௞௞ᇲ ൌ ׬ ׬ ሾ݄௞ᇲ െ ሺ݀௠௞ െ ݏ௠௞ሻሿ௦೘ೖᇲ଴௛ೖ௦೘ೖ ݂ሺ݀௠௞ሻ݀݀௠௞݂ሺ݀௠௞ᇲሻ݀݀௠௞݀݀௠௞ᇲ ൅      
             ׬ ׬ ሾ݄௞ᇲ െ ሺ݀௠௞ െ ݏ௠௞ሻሿ݂ሺ݀௠௞ሻ݀݀௠௞݂ሺ݀௠௞ᇲሻௗ೘ೖି௦೘ೖା௦೘ೖᇲ௦೘೗௛ೖ௦೘ೖ ݀݀௠௞݀݀௠௞ᇲ                                               
 
$SSHQGL['HULYDWLRQRIGHOD\HGFRQQHFWLRQWLPH ௙ܶ௞௞ᇲ  
7KHFDOFXODWLRQRIGHOD\HGFRQQHFWLRQFRVWVKRXOGDFFRXQWIRUWKUHHSRVVLEOHRSWLRQV 
&DVH$%RWKEXVHVDUHQRWODWH7KHQWKHZDLWLQJWLPHLV ݏ௠௞ െ ݀௠௞7KHH[SHFWHGZDLWLQJWLPHFRXOGEH
FDOFXODWHGXVLQJLQWHJUDWLRQ  න න ሺݏ௠௞ െ ݀௠௞ሻ௦೘ೖ଴ ݂ሺ݀௠௞ሻ݀݀௠௞݂ሺ݀௠௞ᇲሻ݀݀௠௞ᇲ௦೘ೖᇲ଴  
&DVH%7KHEXVRQRQHOLQHDUULYHVEHIRUHVFKHGXOHEXWWKHEXVRQDQRWKHUOLQHDUULYHVEHKLQGVFKHGXOH
7KHQ WKH WUDQVIHUZDLWLQJ WLPH IRU SDVVHQJHUV LV ݀௠௞ᇲ െ ݏ௠௞ᇲ ൅ ݏ௠௞ െ ݀௠௞7KHH[SHFWHGZDLWLQJ WLPH
FRXOGEHFDOFXODWHGDV  න න ሺ݀௠௞ᇲ െ ݀௠௞ െ ݏ௠௞ᇲ ൅ ݏ௠௞ሻ௛ೖᇲ௦೘ೖᇲ ݂ሺ݀௠௞ሻ݀݀௠௞݂ሺ݀௠௞ᇲሻ݀݀௠௞ᇲ௦೘ೖ଴  
&DVH&%RWKEXVHVDUULYHEHKLQGVFKHGXOHEXW WKHEXVRQRQH OLQHDUULYHVEHIRUH LWVFRQQHFWLQJEXVRQ
DQRWKHU OLQH 7KHQ WKH WUDQVIHU ZDLWLQJ WLPH IRU SDVVHQJHUV LV ݀௠௞ᇲ െ ݏ௠௞ᇲ ൅ ݏ௠௞ െ ݀௠௞7KH H[SHFWHG
ZDLWLQJWLPHLV  න න ሺ݀௠௞ᇲ െ ݀௠௞ െ ݏ௠௞ ൅ ݏ௠௞ᇲሻ௦೘ೖି௦೘ೖᇲାௗ೘ೖᇲ௦೘ೖ ݂ሺ݀௠௞ሻ݀݀௠௞݂ሺ݀௠௞ᇲሻ݀݀௠௞ᇲ௛ೖᇲ௦೘ೖᇲ  
&RQVHTXHQWO\VXPPLQJXSWKHH[SHFWHGZDLWLQJWLPHIRUDOOSRVVLEOHRSWLRQV\LHOGVWKHWRWDOGHOD\HG
FRQQHFWLRQWLPH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